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Die ra¨umliche Verteilung von Reaktiven Halogenverbindungen an der
Irischen Westku¨ste
Reaktive Halogenverbindungen beeinflussen die Chemie der Tropospha¨re auf ver-
schiedene Arten. Sie haben Auswirkungen auf die Ozon Konzentration, sto¨ren die
NOx und HOx Chemie, oxidieren DMS und sind an der Deposition von elementa-
rem Quecksilber beteiligt. Daru¨ber hinaus belegen neuere Labor- und Feldmessun-
gen die große Bedeutung von reaktiven Jodverbindungen bei der Partikelbildung.
Da Partikel in der marinen Grenzschicht die mikrophysikalischen Eigenschaften
von Wolken beeinflussen, sind sie klimarelevant. Im Rahmen der vorliegenden Ar-
beit wurden drei Feldmessungen an der irischen Westku¨ste zur Untersuchung der
reaktiven Halogenverbindungen BrO, IO, OIO und I2 in der marinen Grenzschicht
mittels der DOAS Methode durchgefu¨hrt. BrO, IO und I2 konnten mit maxima-
len Mischungsverha¨ltnissen von 7 ppt, 32 ppt bzw. 94 ppt nachgewiesen werden,
wa¨hrend OIO nicht gemessen werden konnte. Die Ergebnisse der Messungen wur-
den mit verschiedenen Punktmessungen und Partikelmessungen verglichen. Die
maximalen IO Mischungsverha¨ltnisse sind die ho¨chsten bis dato mittels DOAS
gemessenen und in stehen in guter U¨bereinstimmung mit Punktmessungen und
Modelrechnungen.
The Spatial Distribution of Reactive Halogen Species at the Irish West
Coast
Reactive halogen species affect tropospheric chemistry in different ways. They
have a strong effect on tropospheric ozone levels, disturb NOx and HOx chemistry,
oxidate dimethyl sulfide and are involved in the deposition of elementary mer-
cury. Additionally, recent laboratory and field studies indicate a great relevance
of reactive iodine in the formation of new particles. Since particles in the ma-
rine boundary layer affect the microphysical properties of clouds, they can affect
climate. Within the framework of this thesis three field studies using the DOAS
technique for studies of the reactive halogen species BrO, IO, OIO and I2 in the
marine boundary layer were conducted at the Irish West Coast. BrO, IO and I2
could be detected reaching mixing ratios of 7 ppt, 32 ppt and 94 ppt, respectively.
OIO could not be identified in the spectra. The results were compared to data
from different in-situ techniques and particle measurements. The maximum IO
mixing ratio is the highest reported from DOAS measurements to date and in
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It is well known that reactive halogen species affect atmospheric chemistry
in different ways. A drastic example is the total depletion of boundary
layer ozone in polar spring within days or hours by catalytic cycles involv-
ing bromine [e.g. Platt and Janssen 1996; Platt and Lehrer 1996; Wennberg
1999]. While the destruction of arctic boundary layer ozone appears to be
mainly driven by BrO (with minor contributions from IO and ClO), at mid
latitudes (and possibly in the Antarctic [Saiz-Lopez et al. 2008]) IO plays an
important role in the process of ozone destruction. Besides their influence on
the ozone budget, reactive halogen species affect atmospheric chemistry by
changing the NO/NO2 and OH/HO2 partitioning [e.g. Platt and Ho¨nninger
2003].
Additionally, recent field studies, mainly carried out at Mace Head at the
Irish West Coast [e.g. O’Dowd et al. 2002; Ma¨kela¨ et al. 2002] indicate that
reactive iodine plays a key role in the formation of new particles in coastal
areas. This phenomenon has been studied in several laboratory experiments
[Hoffmann et al. 2001; Jimenez et al. 2003; Burkholder et al. 2004; Mc-
Figgans et al. 2004] and model studies [e.g. Pechtl et al. 2006; Saiz-Lopez
et al. 2006]. If those particles grew to become cloud condensation nuclei
(CCN), they could influence cloud properties and therefore have an impact
on climate [e.g. Rosenfeld et al. 2008]. Thus, the investigation of sources and
distribution of reactive iodine species is of high interest in current research
activities. Within this thesis, three field campaigns were conducted at the
Irish West Coast in an attempt to elucidate the connection between particle
formation and reactive iodine species.
The most likely source of reactive iodine is the emission of molecular iodine
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and organohalogens by macroalgae. While initially organohalogens, espe-
cially the short-lived diiodomethane CH2I2, were assumed to be the major
precursors of reactive iodine and therefore also for particle production, Mc-
Figgans et al. [2004] showed that, if atomic iodine is involved in the particle
formation process, it is orders of magnitude more likely to originate from I2
than from CH2I2.
The current understanding of the particle formation process is quite limited.
According to the studies of O’Dowd et al. [2002] particle formation in coastal
environments is dominated by polymerization of the OIO radical. Observa-
tions of OIO in the mid-latitudes marine boundary layer are rare [Hebestreit
2001; Saiz-Lopez et al. 2006; Allan et al. 2000] and the observed mixing
ratios below 10 ppt. For the measurements long path DOAS instruments
were used, which yield an average of the trace gases of interest along the
light path. Since the detected mixing ratios are insufficient to explain the
observed large aerosol production, Burkholder et al. [2004] suggest an in-
homogeneous source distribution resulting significantly higher mixing ratios,
so-called “hot-spots”, to explain the observed particle formation. According
to their model calculations, IO mixing ratios of up to 50 to 100 ppt of IO
are needed to explain nucleation events with particle concentration of 106
cm−3. They conclude that their hypothesis has to be confirmed by further
field studies.
Recently, new in-situ instruments were developed for the detection of IO.
Wada et al. [2007] used an open path cavity ring-down spectrometer to
measure up to 54 ppt of IO in the intertidal area at Roscoff at the French
North-West Coast. During the same field study Whalley et al. [2007] de-
tected up to 28 ppt of IO also measuring in the intertidal area of Roscoff.
The Roscoff data seem to support the “hot-spot-theory”.
One of the goals of this thesis was to investigate the spatial distribution of
reactive iodine species. Therefore, different DOAS light paths were estab-
lished. One of the light paths just crossed intertidal area, while a longer light
path was set up parallel measuring along intertidal area and the sea. The
detected IO mixing ratios of up to 32 ppt are in good agreement with not
only the modelling studies of Burkholder et al. [2004], but also the in-situ
measurements of Whalley et al. [2007] and Wada et al. [2007]. Moreover,
almost the same IO column density was observed on both light paths indi-
cating that most of the IO signal originates in the intertidal area.
Outline of the thesis
3In the second chapter an overview of the sources of reactive halogen species,
their impact on tropospheric chemistry and a brief summary of the so far
known processes leading to particle formation are given.
In the third chapter the measurement technique is described, starting with a
general description of the DOAS method, the principles of the DOAS anal-
ysis procedure, passive DOAS corrections and an introduction of the MAX-
DOAS principle. In the following the main components of the active longpath
DOAS instrument and the Mini-MAX-DOAS devices, which were used for
the measurement in the framework of this thesis are described in full detail.
Furthermore, a detailed discussion of the spectra analysis and evaluation pro-
cedure, and the retrieval of concentrations for the species BrO, IO, OIO and
I2 is given in this chapter.
In the fourth chapter the results of the 2006 campaigns at the Irish West
Coast are presented. The results of the two measurement campaigns carried
out in 2007 at Mace Head and the Martin Ryan Institute are subject of the
fifth chapter. The results of all field studies are discussed in detail in the
sixth chapter, including comparison with in-situ techniques, particle forma-
tion and modelling studies.
A short summary and outlook for future tasks regarding halogen research is
subject of the last chapter.
Chapter 2
Chemistry of Halogen Species
in the Troposphere
Halogens are elements of the 7th group of the table of the elements. They
have seven electrons in the valence shell which means they lack just one
electron to obtain noble-gas configuration. Their high electron negativity
makes them highly reactive and therefore good oxidizing agents which is of
interest especially for atmospheric chemistry.
There are five halogens, namely fluorine (F), chlorine (Cl), bromine (Br),
iodine (I) and astatine (At). The halogen group is the only group within
the table of elements that assumes all three states of matters under standard
conditions: fluorine and chlorine are gaseous, bromine is liquid, and iodine
and astatine are solid. For atmospheric processes only bromine, iodine and
chlorine are of interest, which will be discussed in detail in the course of this
chapter.
In the first part of this chapter, the two major sources of reactive halogen
species in the troposphere will be described, followed by a discussion of their
different impacts on tropospheric chemistry and their role in the formation
of new particles.
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2.1 Sources of Reactive Halogen Species in
the Troposphere
The term Reactive Halogen Species (RHS) comprises the halogen atoms (X,Y
= F, Cl, Br, I, At), their molecules (X2) and interhalogens (XY), the halogen
monoxides (XO) and the higher halogen oxides (XnOm) as well as the hypo-
halous acids (HOX). In contrast to hydrogen halides (HX) or compounds of
halogens with NOx (XNOx) their reactivity is rather high. Mainly bromine,
iodine and chlorine are of relevance for atmospheric processes and therefore
as from now, when we refer to a halogen as X it denotes Br, I or Cl. The
DOAS technique (see Chapter 3) has been applied for the detection of the
RHS ClO, BrO, IO, I2 and OIO. An overview of ground-based DOAS mea-
surements of those RHS can be found in Table 2.1.
There are different sources of RHS in the atmosphere: The emission of inor-
ganic halogen compounds from aqueous sea-salt aerosol and from volcanoes,
the photolytic degradation of halogenated organic molecules from biogenic
and anthropogenic sources and in the last years also molecular iodine emit-
ted from macroalgae was found to be probably the major source of iodine in
coastal areas. While from sea-salt aerosol mainly bromine and chlorine are
emitted (the partitioning of sea-salt Br−/I− is in the order of 104), iodine
is mostly of biogenic origin. The different sources of RHS will be subject of
this section.
2.1.1 Release of Reactive Halogen Species from Sea
Salt
Release of RHS from sea-salt happens through different heterogeneous reac-
tions with different compounds: strong acids, NOy species and hypohalous
acids. Also the release of Br and Cl atoms via the uptake of O3 was studied
[Mochida et al. 2000].
Gaseous halogen compounds (e.g. HX, X = Cl, I) can be released from sea-
salt aerosol by acid displacement of e.g H2SO4 and HNO3 (e.g. [Wayne et al.
1995]).
H2SO4 + 2(X
−)aerosol −→ 2HX + (SO2−4 )aerosol (2.1a)
HNO3 + (X
−)aerosol −→ HX + (NO−3 )aerosol (2.1b)
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IO Mace Head, Ireland (1997) 6.7 0.5 Alicke et al. [1999a]
IO Mace Head (1998) 7.2 0.3 Hebestreit [2001]
IO Mace Head (2002) 7 0.5 Saiz-Lopez and Plane [2004a]
IO Mace Head (2007) 4.4 0.6 this work
IO Carna, Ireland (2007) 31.9 9.3 this work
IO Tasmania (1999) 2.2 0.4 Allan et al. [2000]
IO Tenerife, Can. Islands (1997) 3.5 0.4 Allan et al. [2000]
IO Kerguelen, Ind. Ocean (2002) ≤D.L. (1.4) 1.4 Sebastia´n [2004]
IO North Sea, Germany (2002) 2.1 0.5 Peters et al. [2005]
IO Atlantic Coast, France (2003) 7.7 0.5 Peters et al. [2005]
IO Crete, Greece (2003) ≤D.L. (0.8) 0.8 Ho¨nninger [2002]
IO Cape Verde (2008) 1.4 0.8 Read et al. [2008]
IO Gulf of Maine (2007) 4 - Stutz et al. [2007]
IO Dead Sea, Israel (2000) 10 2.4 Zingler and Platt [2005]
IO Antarctic and Arctic 10 - Frieß et al. [2001], Wittrock et al. [2000]
IO Alert, Arctic (2000) 0.73 0.23 Ho¨nninger [2002]
IO Antarctic (2007) 20 - Saiz-Lopez et al. [2007]
OIO Cape Grim, Tasmania (1999) 3.0 0.5 Allan et al. [2001]
OIO Mace Head, Ireland (1998) 6.7 0.5 Hebestreit [2001]
OIO Mace Head, Ireland (2002) 3.0 0.5 Saiz-Lopez and Plane [2004a]
OIO Mace Head (2007) 7.1 2.1 this work
OIO Gulf of Maine (2007) 30 - Stutz et al. [2007]
I2 Mace Head, Ireland (2002) 93 3 Saiz-Lopez and Plane [2004a]
I2 Mace Head, Ireland (1998) 61.3 12 this work
I2 Mace Head, Ireland (2007) 94 37 this work
BrO Mid.Lat. MBL 6.0 - Leser et al. [2003], Saiz-Lopez et al. [2004a],
Martin et al. [2008], Buxmann [2008], Read
et al. [2008]
BrO Salt lakes (Dead Sea, Salt Lake
City, Caspian Sea, Salar de
Uyuni)
176 - Hebestreit et al. [1999], Matveev et al. [2001],
Wagner et al. [2001], Stutz et al. [2002],
Ho¨nninger et al. [2004]
BrO Antarctic, Arctic 30 - Hausmann and Platt [1994], Tuckermann
et al. [1997], Hegels et al. [1998], Martinez
et al. [1999], Ho¨nninger et al. [2004], Frieß
[2001], Saiz-Lopez et al. [2007]
BrO Volcanoes ∼ 1000 - Bobrowski et al. [2003], Bobrowski and Platt
[2007], Bobrowski et al. [2007],Kern et al.
[2008]
Table 2.1: Ground-based observation of RHS in the troposphere by active and
passive DOAS technique. Adapted and supplemented from Peters et al. [2005].
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The recycling of gaseous HX through heterogenous reactions happens and is
of major relevance in the marine boundary layer [Seisel and Rossi 1997] as
well as in polar regions [e.g. McFiggans et al. 2000; Vogt et al. 1999; Sander
et al. 1999]. Through the reaction of HOX with HY on the aerosol surface
a gaseous X2 is released [Abbatt 1995; Abbatt 1994; Abbatt and Nowak 1997]
and rapidly photolyzed:
HOX +HY −→ XY +H2O (2.2)
Halogenated nitrogen oxides are released from reactions of NO2 and N2O5
with NaCl or NaBr. Those oxides then either react further with sea-salt
aerosol or are readily photolyzed [e.g. Finlayson-Pitts et al. 1989;Mozurkewich
1995; Schweizer et al. 1999].
(N2O5)g + (X
−)s −→ (XNO2)g + (NO−3 )s (2.3a)
XNO2 + hν −→ X +NO2 (2.3b)
(XNO2)g + (X
−)s −→ (NO−2 )s + (X2)g (2.3c)
In contrast to the other release mechanisms described in this section, reac-
tion 2.3a is rather slow [Mozurkewich 1995]. On the other hand, no light is
needed for the formation of (XNO2) and X2 via this reaction scheme. This
leads to an accumulation of those photolabile species during the night, the
so-called ’dark source’ of RHS. For example, Osthoff et al. [2008] report
measurements of nitryl chloride along the southeast coastline of the United
States and near Houston, Texas. They could show that the major source of
ClNO2 is the night-time reaction of N2O5 with chloride-containing aerosol
(e.g. reaction 2.3a with X = Cl). Another source of reactive halogen species
is the hydrolysis of XONO2, for X = Br, I:
(XONO2)g + (H2O)aq −→ HOX +HNO3 (2.4)
However, this sources of RHS depends on the NOx concentrations, which is
why it should not play a dominant role in the marine boundary layer. For X
= Br, Cl, the uptake of NO3 on the aerosol is another night-time source of
halogenated nitrogen oxides [Gershenzon et al. 1999]:
NO3 + (X
−)aerosol −→ X + (NO−3 )aerosol (2.5)
For sea water, the uptake coefficient was found to be 0.01 Rudich et al. [1996]
and 0.05 for dry NaCl [Sesiel et al. 1997].
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The uptake of species as HOX and XNO3 on acidic salt surfaces can lead
to the conversion of Cl− and Br− to interhalogen or halogen diatomics, for
example Br2, BrCl, IBr and ICl:
HOX + Y − +H+ −→ XY +H2O (2.6)
The (inter-)halogen returns into the gas phase, where it is photolyzed rapidly.
The resulting halogen atoms get oxidized via the reaction with ozone:
X +O3 −→ XO +O2 (2.7a)
Y +O3 −→ Y O +O2 (2.7b)
The formation of hypohalous acid takes place via the reaction of XO with
the hydroperoxyl radical HO2:
XO +HO2 −→ HOX +O2 (2.8)
For X = Y, reactions 2.6 - 2.8 can be summarized as:
XO + (X−)aq + (H+)aq +HO2 + 2O3 −→ 2XO +H2O + 3O2 (2.9)
As this process can lead to an exponential growth in the BrO concentration,
it is referred to as ’bromine-explosion’ [Platt and Janssen 1996; Platt and
Lehrer 1996; Wennberg 1999]. The halogen oxide acts as a catalyst for the
oxidation of Br− by ozone. The acidity required for this process (according to
Fickert et al. [1999] the reaction occurs only for a pH < 6.5) can be provided
by the attack of strong acids (see above) or even by self acidification [von
Glasow and Sander 2001]. A review on inorganic bromine in the marine
boundary layer can be found in Sander et al. [2003].
The last source of halogens from sea-salt aerosol is the rapid uptake of HX
formed in the gas phase [e.g. Abbatt 1994; Abbatt and Nowak 1997]. Since
the resulting X− will most probably be recycled back in the gas phase, there
is no net activation of halogens from sea-salt by this process.
2.1.2 Emission of Halocarbons and Molecular Iodine
While sea-salt aerosol seems to be the major source of reactive bromine and
chlorine compounds, the emission of molecular iodine and of halogenated hy-
drocarbons (halocarbons) and their photolysis is the major source of reactive
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iodine species. The source of molecular iodine is emission from macroalgae
and phytoplankton. Halocarbons are emitted from anthropogenic sources,
as well as from natural sources. While the main anthropogenic sources
are biomass burning and industries, the major natural source are emission
from macroalgae at coastal sides and phytoplankton in the ocean [Schall and
Heumann 1993].
The total emission of methyl halides CH3X is estimated at about 4 × 109 g
CH3I per year and about (100-400)× 109 g CH3Br per year [DeMore et al.
1997]. Manø and Andreae [1994] estimate the anthropogenic emission of
methyl bromide to be (10-50) × 109 g CH3Br per year. In addition polyhalo-
genated hydrocarbons like iodoform (triiodomethane, CHI3), bromoform (tri-
bromomethane, CHBr3), dibromomethane (CH2Br2), diiodomethane (CH2I2)
or short-chained organic halogens (e.g. CH2ClI) act as precursors for RHS.
The major natural source for reactive bromine is the emission of CHBr3
[Carpenter and Liss 2000]. CHCl3 and CH3Cl are the most common natural
organic chlorine compounds.
Volatile biogenic iodocarbons, emitted from phytoplankton or macroalgae
are besides the emission of molecular iodine a major source of reactive iodine
in the troposphere. In particular since the iodine content of sea-salt is only
of the order of 10−5 [Holland 1978]. In addition, their absorption spectra are
shifted towards longer wavelengths than the corresponding bromine and chlo-
rine compounds, leading to a much faster photodissociation [Carpenter et al.
1999]. For example the photolytic lifetime of CH3I is about hundred times
shorter than its lifetime regarding its reaction with OH [DeMore et al. 1997].
A major source of I atoms in the atmosphere seems to be the photodissocia-
tion of CH2I2, with a photolytic lifetime of about 5 minutes [Carpenter et al.
1999; Mo¨ssinger et al. 1998]. Recent findings also indicate that molecular
iodine can be an important source, especially in coastal areas (see below).
Table 2.2 gives an overview of the lifetimes of several halogenated hydro-
carbons. A review on iodine in the marine boundary layer can be found in
Carpenter [2003].
Molecular Iodine
The first observation of molecular iodine [Saiz-Lopez and Plane 2004a] at
Mace Head was correlated with low tide, indicating macroalgae as source.
The correlation of elevated I2 to low tide and spring tide at Mace Head was
also found by Peters et al. [2005]. The release of molecular iodine from
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Species Lifetime τ Reference
CH2I2 3.6min [Mo¨ssinger et al. 1998]
CH3Br 0.8a [Yvon and Butler 1996]
CH3I 2-6d [Ro¨hl et al. 1997]
CH2Cl2 5-6m [Yvon-Lewis and Butler
2002]
CH2Br2 47d [Mo¨ssinger et al. 1998]
CH2BrI 61min [Mo¨ssinger et al. 1998]
CH3Cl 1.3a [Yvon-Lewis and Butler
2002]
CHBrCl2 30d [Bilde et al. 1998]
CH2ICl 3.6min [Carpenter et al. 1999] and
references therein
CH2IBr 0.8a [Carpenter et al. 1999] and
references therein
Table 2.2: Atmospheric lifetimes of several halogenated hydrocarbons
macroalgae was already proposed in the 1960s [Miyake and Tsnogai 1963].
They claim that volatile iodine species such as I2 and HOI are emitted to the
atmosphere by macroalgae. McFiggans et al. [2004] proposed a mechanism
for the release of I2 from macroalgae to the gas phase, involving the equi-
librium between HOI, I− and I2 in aqueous solution [Truesdale et al. 1994].
For X = Y = I, Equation 2.6 yields:
HOI + I− +H+ −→ I2 +H2O
The mechanism of ’iodovolatilisation’, i.e. the release of molecular iodine
by sea weed [Dangeard 1933], which might lead to enhanced iodine content
in the atmosphere of coastal areas, is still not completely understood. In
a very recent study Ku¨pper et al. [2008] state, that seaweed of the type
Laminaria accumulates iodine in the form of iodide. They propose that the
role of iodide is that of an inorganic antioxidant, since it rapidly scavenges
a variety of reactive oxygen species. Upon oxidative stress, iodide is eﬄuxed
and detoxifies aqueous oxidants and ozone. The detoxification of ozone leads
to the release of high levels of molecular iodine.
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Because there are just few measurements of I2 so far, its importance on a
global scale is still unclear. However I2 can affect local climate: For example,
McFiggans et al. [2004] found that if atomic iodine is involved in the particle
formation process, it is of the order of at least 1000 times more likely to result
from I2 than from CH2I2. As freshly formed particles (see below) can act as
cloud condensation nuclei and therefore have an impact on local and maybe
also global climate, the appearance of I2 is of big interest and its study was
also part of this work.
2.2 Impact of Reactive Halogen Species on
Tropospheric Chemistry
There are several ways in which RHS affect tropospheric chemistry: The so-
called ’bromine-explosion’ (see Chapter 2.1.1) can lead to tropospheric ozone
holes, a drastic example of the ozone destruction abilities of RHS. Further-
more RHS can change the ratios of HO2/OH and NO2/NO in the troposphere
and oxidize Dimethyl Sulfide. BrO is also involved in the deposition of ele-
mentary mercury. Reactive iodine is of particular interest since it is involved
in the formation of new particles in coastal areas. All this phenomena will
be discussed in the following chapter. Figure 2.1 gives an overview of gas
and liquid phase chemistry.
2.2.1 Ozone Destruction
Molina and Rowland [1974] postulated the connection between the release of
industrially produced halocarbons (especially the chlorofluorocarbons CFCl3
and CF2Cl2) and the destruction of stratospheric ozone. The discovery of the
ozone hole in 1985 by Farman et al. [1985] led to a huge interest in halogen
chemistry. This section deals with the impact of RHS on tropospheric ozone.
The role of halogen atoms and their monoxides in the ozone destruction is
well documented [Hausmann and Platt 1994], [LeBras and Platt 1995], [Platt
and Janssen 1995]. The most prominent reaction of halogen atoms is the
reaction with ozone to form the corresponding halogen monoxide, followed
by the photolysis of the halogen monoxide.
X +O3 −→ XO +O2
XO + hν −→ X +O(3P )
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Figure 2.1: Schematic overview of gas and liquid phase iodine chemistry. Re-
lease of iodine atoms via photolytic destruction of short-lived halocarbons or I2
molecules. The resulting I atom reacts rapidly with ozone to form IO. IO react-
ing with XO (X= Cl, Br, I) can lead to autocatalytic ozone destruction. Lack of
knowledge is indicated with question marks. Adapted from [Pechtl et al. 2006]
The halogen atom reacts very fast with the ozone, leading to short lifetimes
of the halogen atom in the troposphere (τ(Cl) = 0.13s, τ(Br) = 1.3s, τ(I) =
1.3s, assuming a typical concentration of 50 ppb ozone).
As the atomic oxygen regenerates ozone by its sudden reaction with O2, this
sequence represents a ’null cycle’ with respect to ozone.
O2 +O +M −→ O3 +M (2.10)
The actual destruction happens mainly via two cycles. In the first cycle, the
formation of two halogen monoxides
X +O3 −→ XO +O2 (2.7a)
Y +O3 −→ Y O +O2 (2.7b)
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is followed by their cross or self reaction.
XO + Y O −→ X + Y +O2 (2.11a)
−→ XY +O2 (2.11b)
−→ OXO + Y (2.11c)
net: 2O3 −→ 3O2
Since the branching ratio for reactions 2.11a - 2.11c strongly depends on the
halogens involved, also the efficiency of the ozone destruction varies. Channel
2.11b is actually equivalent to 2.11a, because the XY product will photolyze
rapidly. If a halogen dioxide is formed (reaction 2.11c) the efficiency of the
ozone destruction is reduced. The halogen dioxide is photolyzed and the
reaction yields a halogen monoxide and atomic oxygen. The recombination
of the oxygen atom with molecular oxygen then yields an ozone molecule
reducing the net ozone destruction.
OXO + hν −→ XO +O
O +O2 +M −→ O3 +M
For OIO there is also evidence that the photolysis can also yield I + O2
[Ashworth et al. 2002], which would increase the overall ozone destruction of
the IO self reaction. The reaction XO with YO is the rate limiting step of the
reaction cycle 2.11. Halogen oxide self reactions are usually slower than the
cross reaction. Especially cross reactions involving iodine (X = I, Y = Cl,
Br) are very efficient in ozone destruction. Therefore the ozone destruction
always depends on the halogen species present and can be increased if cross
reactions occur instead of just self reactions. For the rate constants the reader
is referred to the article of Atkinson et al. [2007].
Cycle II in ozone destruction involves the reaction of a halogen monoxide
with the HOx radical.
Cycle II:
X +O3 −→ XO +O2 (2.12a)
OH +O3 −→ HO2 +O2 (2.12b)
XO +HO2 −→ HOX +O2 (2.12c)
HOX + hν −→ OH +X (2.12d)
net: 2O3 + hν −→ 3O2
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Reaction k [ cm
3
molec·s ] Reference
Cl + O3 −→ ClO + O2 k=1.2 · 10−11 [Atkinson et al. 2007]
Br + O3 −→ BrO + O2 k=1.2 · 10−12 [Atkinson et al. 2007]
I + O3 −→ IO + O2 k=1.3 · 10−12 [Atkinson et al. 2007]
ClO + HO2 −→ HOCl + O2 overall
−→ HCl + O3 k=6.9 · 10−12 [Atkinson et al. 2007]
BrO + HO2 −→ HOBr + O2 overall
−→ HBr + O3 k=2.4 · 10−11 [Atkinson et al. 2007]
IO + HO2 −→ HOI + O2 k=8.4 · 10−11 [Atkinson et al. 2007]
Table 2.3: List of rate constants for the reaction of RHS with ozone and HO2
taken from [Atkinson et al. 2007].
The partitioning of the two cycles with respect to ozone depends on the levels
of halogens. For example, at a mixing ratio of 15 ppt BrO (reactive bromine is
the most important species for catalytic destruction of ozone) and assuming
a typical mixing ratio of HO2 of 1 ppt, the impact on ozone destruction of
Cycle II is comparable to the impact of Cycle I. As the dependency of ozone
destruction on XO concentrations is quadratic for Cycle I and linear for Cycle
II, at, for example, 30 ppt BrO, 66% of the ozone destruction takes place via
Cycle I.
The rate constants for the reaction of Br, Cl and I with ozone and HO2
are given in Table 2.3. Stutz et al. [1999] calculated the importance of the
different cycles for the ozone destruction rate depending on the NOx mixing
ratio assuming 6 ppt of IO. The results can be seen in Figure 2.2.
In semi-polluted environments the formation of halogen nitrate can lead to
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Figure 2.2: Ozone destruction rates of the different catalytic reaction cycles for
the case of iodine, as a function of the NOx concentration (adapted from Stutz
et al. [1999]).
ozone destruction as well.
XO +NO2(+M) −→ XONO2 (2.13a)
XONO2 + hν −→ X +NO3 (2.13b)
NO3 + hν −→ NO +O2 (2.13c)
X +O3 −→ XO +O2 (2.13d)
NO +O3 −→ NO2 +O2 (2.13e)
net: 2O3 + hν −→ 3O2
The photolysis of NO3 mainly produces NO2 and O, which leads to a null
cycle with respect to ozone destruction. XNO3 can also be removed from the
gas phase through uptake on aerosols.
Figure 2.3 gives an overview of tropospheric halogen chemistry. The ozone-
destructing sequences are indicated in bold lines.
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Figure 2.3: Schematic overview of boundary layer halogen chemistry (X
= Cl, Br, I), adapted from Platt and Janssen [1995]. Bold lines indicate
ozone-destruction sequences. Sources of RHS are the release from sea-salt and
the photolysis of halocarbons and molecular iodine.
Nighttime Activation of IO
Recently reported is detection of significant IO levels during night. Saiz-
Lopez and Plane [2004a] reported observations of IO up to 3 ppt on two
nights during the 2002 NAMBLEX campaign at Mace Head and suggest a
reaction mechanism for molecular iodine with the NO3 radical in absence of
sunlight.
NO3 + I2 −→ I + INO3 (2.14)
I +O3 −→ IO +O2
kNO3+I2 = 1.5 · 10−12 cm
3
molec·s for T=285K [Atkinson 2007]
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2.2.2 Disturbance of HOx and NOx Chemistry
The mixing ratio of NO2 is mainly controlled by the reaction
NO2 + hν(λ < 400nm) −→ NO +O(3P ) (2.15a)
NO +O3 −→ NO2 +O2 (2.15b)
McFiggans et al. [2000] show that this balance will be shifted towards NO2,
if significant mixing ratios of halogen oxides are present:
XO +NO −→ X +NO2 (2.16)
Reaction 2.16 is followed by reaction 2.12a destroying one ozone molecule.
As the NO2 of reaction 2.16 would photolyze to produce an ozone molecule,
the reaction is a null cycle with respect to ozone depletion.
Due to the reaction of BrO or IO with HO2 and the further photolysis of HOX
to OH, the HO2/OH ratio is reduced [e.g. McFiggans et al. 2000; Carpenter
et al. 1999].
XO +HO2 −→ HOX +O2 (2.12c)
HOX + hν −→ OH +X (2.12d)
For more detailed information about the impact of RHS on the HO2/OH
ratio the reader is referred to [Stutz et al. 1999; Hebestreit 2001; von Glasow
and Crutzen 2003].
2.2.3 Oxidation of Dimethyl Sulfide
Another important impact of RHS on atmospheric chemistry is the oxidation
of Dimethyl Sulfide (DMS). DMS is the most abundant biological sulfur
compound that is emitted to the atmosphere. Its major source is the emission
by phytoplankton in the oceans. DMS is an important precursor of sulphate
aerosols in the remote marine boundary layer and is oxidized by BrO in a
catalytic cycle [Toumi 1994]:
BrO +DMS −→ Br +DMSO (2.17)
Model calculations by von Glasow et al. [2002] showed that BrO is responsi-
ble for up to 44% of DMS oxidation, and calculations by Boucher et al. [2003]
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find that 28.8% of global DMS loss is due to its reaction with BrO. In addi-
tion, the reaction with IO can also lead to oxidation of DMS. At such levels of
XO as they have been observed in the marine boundary layer, the oxidation
rate of DMS by BrO and IO is about one order of magnitude higher than
by OH. The reaction of iodine oxide with DMS was studied by Gravestock
et al. [2005] and Dillon et al. [2006], who find rate coefficients in reasonable
agreement. The fate of DMSO is still unclear. If DMSO is mainly oxidized
to methanesulfonic acid (MSA), the formation of Cloud Condensation Nuclei
(CCN) from SO2 will be reduced and the oxidation of DMS can influence the
earth’s radiative budget and therefore climate. Read et al. [2008] state that
the oxidation of DMS under coastal Antarctic conditions is dominated by
the reaction of DMS with BrO and that this leads to a significant increase
in MSA.
2.2.4 Deposition of Elementary Mercury
In polar regions, the relation between bromine and mercury is of special
interest. In the atmosphere, mercury is present in its gaseous elemental
form (Hg0, GEM). It is emitted mainly from coal combustion, and Pirrone
et al. [1996] estimate the global anthropogenic emission (1660-2200 t/year)
to account for one third of the total emissions of Hg. The rest is probably
emitted from natural sources or recycling of already deposited mercury. As
GEM has a low water-solubility and is chemically not very reactive, it has
a long atmospheric lifetime of about one year. Moreover, it is easily re-
emitted after deposition on surfaces. Contrary to mid-latitudes, GEM shows
a distinct behavior in polar regions, where its concentration varies with ozone
concentrations and, most certainly, is correlated with ’bromine-explosion’
events (see Section 2.1.1). Schroeder et al. [1998] were the first to report a
GEM depletion event. Since then such depletion events have been reported
from the Arctic (e.g. Poissant et al. [2005]), but they are of interest in the
Anarctic as well [Ebinghaus et al. 2002]. There are strong indications [e.g.
Ariya et al. 2002] that Br plays a key role in oxidizing mercury. Br converts
GEM into highly toxic and bio-accumulative Hg(II), leading to less gaseous
and more particulate Hg concentration and enhanced deposition [Lu et al.
2001]. As Hg(II) is more water-soluble and less volatile, it gets flushed into
the meltwater in spring and summer, enters the food chain and therefore is
a threat to the aboriginal population.
A review of the current state of knowledge can be found in Steffen et al.
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[2008].
2.2.5 Particle Formation
Recent field studies, mainly carried out at the Mace Head Research Station
(see Chapter 4), showed a correlation between the appearance of large con-
centrations of ultrafine particles (so-called ’particle-bursts’, see Figure 2.4 ),
low tide and solar radiation [e.g. O’Dowd et al. 2002; Ma¨kela¨ et al. 2002].
These findings indicate that reactive iodine plays a key role in the forma-
tion of new particles in coastal areas. This phenomenon has been studied in
several laboratory experiments [Hoffmann et al. 2001; Jimenez et al. 2003;
Burkholder et al. 2004; McFiggans et al. 2004] and model studies [e.g. Pechtl
et al. 2006; Saiz-Lopez et al. 2006]. A review of the current knowledge on
marine aerosol production can be found in O’Dowd and de Leeuw [2007]. If
those particles grow to become cloud condensation nuclei (CCN), they could
influence cloud properties and therefore have an impact on climate.
The most likely source of reactive iodine is the emission of molecular iodine
and organohalogens by macroalgae. While, initially, organohalogens, espe-
cially the short-lived diiodomethane CH2I2 were assumed to be the major
precursor of reactive iodine and therefore also for particle production, Mc-
Figgans et al. [2004] showed that, if atomic iodine is involved in the particle
formation process, it is of the order of at least 1000 times more likely to
result from I2 than from CH2I2.
The formation of a particle occurs via the photolysis of the precursor gas and
the reaction of the resulting I atom with ozone to form iodine oxide:
I2 or RI + hν −→ (2)I +R
I +O3 −→ IO +O2 (2.12a)
The IO self reaction then happens via at least two pathways: The formation
of iodinedioxide and atomic oxygen at a branching ratio of ∼ 40% [Bloss
et al. 2001]:
IO + IO −→ OIO + I (2.18)
or the formation of an IO dimer at a branching ratio of ∼ 60%:
IO + IO + (M) −→ I2O2 (2.19)
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Figure 2.4: Example for a particle burst event as it was observed with a
nano-SMPS/ SMPS during the Campaign at the Martin Ryan Institute in 2007
(see Chapter 5). The color indicates the number of particles observed. A particle
burst was observed at noon, correlated with the maximum in solar radiation and
low tide. Data from T. Neary, NUIG, pers. comm..
It is not quite clear if the IO dimer is actually stable enough to exist in
the atmosphere (see [Kaltsoyannis and Plane 2008] and references herein).
Kaltsoyannis and Plane [2008] claim that the asymmetric IO dimer formed
via the self reaction of IO does not play an important role as it has a short
lifetime of only ∼ 0.1 s (upper limit 5 s) before it dissociates to OIO and I.
In the next step of the particle formation process, it is generally believed
that the recombination of OIO with IO or itself occurs:
OIO +OIO −→ I2O4 (2.20)
OIO + IO −→ I2O3 (2.21)
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In laboratory studies Saunders and Plane [2005] found indication that the
nano-particles formed from the photo-oxidation of I2 in the presence of ozone
mainly consist of the stable higher iodine oxide I2O5. They suggest that the
higher iodine oxides of reactions 2.20 and 2.21 are oxidized to I2O5 before
they form particles:
I2O2(+O3) −→ I2O3(+O3) −→ I2O4(+O3) −→ I2O5 (2.22)
But they also state that reaction 2.22 competes with the polymerization of
I2O2, I2O3, and I2O4, which also forms particles:
I2Ox + IyOz −→ I2+yOx+z −→′ particles′ (2.23)
Kaltsoyannis and Plane [2008] performed quantum chemical calculations and
found that I2O3 and I2O5 are very stable, whereas the OIO dimer I2O4 is
much less stable, but still stable enough in the marine boundary layer to
account for iodine oxide particle formation.
There are still a lot of open questions about the mechanism of particle for-
mation. One is the so-called ’hot-spot theory’: According to model studies
[e.g. Burkholder et al. 2004], the IO and OIO mixing ratios observed with
DOAS so far could not account for the observed particle formation. As the
long-path-DOAS-technique (see Chapter 3) always yields an average along
the light path, inhomogenous distribution (i.e. higher concentrations in so-
called ’hot-spots’, for example the intertidal area) could be the reason for the
discrepancies. Part of this work, which was carried out in the framework of
the MAP (Marine Aerosol Production) project, was to study the distribution
of reactive iodine species and the connection to particle formation.
Chapter 3
DOAS
The measurement technique used in the framework of this thesis is the
Differential Optical Absorption Spectroscopy (DOAS) method [Perner and
Platt 1979]. It was introduced by Platt et al. [1979] in 1979 and is a well-
established technique for the detection of a broad variety of atmospheric
trace gases. The first part of this chapter will give an overview of the DOAS
technique, the underlying Lambert-Beer law, the principles of the analysis
procedure and corrections that have to be applied when analyzing passive
DOAS data. In the second part, the instrumental set-up, as used in this
thesis, will be discussed, followed by a description of the analysis process for
the trace gases of interest.
3.1 Differential Optical Absorption Spectroscopy
DOAS is a spectroscopic technique for the detection of atmospheric trace
gases by their narrow band absorption structure. It is mainly applied in the
troposphere and stratosphere [Platt and Stutz 2008; Solomon et al. 1987],
but has also been used in chamber experiments [e.g.Etzkorn 1998]. A large
number of trace gases, mainly absorbing light in the visible and ultraviolet
wavelength range, such as OH, HONO, NO3, OClO, BrO, IO, NO2, NO,
NH3, ClO, O3, SO2, CS2, OIO, I2 , glyoxal, aromatics and formaldehyde
can be detected using DOAS [Platt 1978; Platt and Stutz 2008]. Recently
also DOAS analysis of the infrared region for the detection of methane and
carbondioxide has been conducted [Frankenberg et al. 2005].
Speaking of DOAS in general, one distinguishes between active and passive
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DOAS: The passive DOAS uses a natural light source, e.g. scattered sunlight
[Solomon et al. 1987; Wagner 1994] for the detection of trace gases from
ground [e.g. Ho¨nninger et al. 2004] as well as from air [e.g. Dorf et al. 2006]
or space [e.g. Wagner et al. 2001].
For active DOAS measurements several artificial light sources can be applied.
For the detection of trace gases that feature a wide absorption spectrum, such
as NO2, NO3, SO2, O3, HONO, HCHO, H2O, halogens (BrO, ClO, IO, etc.)
or aromatic compounds, usually a thermal radiator is used [Heintz 1996; Go¨lz
1996; Stutz 1996]. But also light emitting diodes can be applied as a light
source [Kern et al. 2006]. Additionally laser light was used for the detection
of for example OH-radicals [Perner et al. 1987; Brauers et al. 1996; Dorn
et al. 1996].
The DOAS technique has certain advantages: First, the remote sensing as-
sures that especially the highly reactive species do not undergo non reprod-
ucable chemical processes like loss of trace gas due to sedimentation on the
wall of the sampling container or due to unwanted chemical reactions. An-
other advantage is that DOAS allows to measure different trace gases at the
same time, thereby providing a high time resolution. As the applied light
paths of are very long, and the detection limit is linearly dependent on this
length, DOAS has a high sensitivity. And by varying the viewing geome-
try of passive measurements, information about the horizontal and vertical
distribution of the trace gas of interest can be obtained. In addition there
are very handy passive and active DOAS instruments, which can be carried,
mounted on cars, planes or ships, therefore allowing measurements in areas
which are not easily accessible, for example volcanoes [e.g. Bobrowski et al.
2003].
A complete and detailed overview of the DOAS technique and its applications
can be found in [Platt and Stutz 2008].
The DOAS technique is based on the Lambert-Beer-Law which describes the
absorption of light in matter:
I(λ, L) = I0(λ) · e−σ(λ)·c·L (3.1)
I0(λ) denotes the initial intensity at a wavelength λ, I(λ, L) is the intensity
of the light after traveling through the homogenous absorbing layer of length
L, and c is the concentration of the gas with σ(λ) being the respective ab-
sorption cross section at the wavelength λ. The basic principle of absorption
spectroscopy is demonstrated in Figure 3.1. If the light path L and the ab-
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Figure 3.1: The basic principle of absorption spectroscopy. The observation
at the end of the light path is conducted by a suitable spectrometer-detector unit.
Adapted from [Dix 2007]
sorption cross section σ(λ) of the trace gas of interest are well-known, one can
derive the concentration c by measuring the ratio I(λ)/I0(λ). Introducing







one obtains the concentration c:
c =
τ(λ)
σ(λ) · L (3.3)
For measurements in the atmosphere the Lambert-Beer’s law (3.1) has to be
expanded: First, the cross section depends also on temperature and pres-
sure, second, there is usually more than one absorber and third, one has to
account for scattering by air molecules (Rayleigh) and aerosols (Mie) which
also reduce the initial intensity of the light. Taking this into account, one
obtains:




j σj(λ,p,T )·cj(l)+εR(λ,l)+εM(λ,l))dl +N(λ) (3.4)
where for each trace gas species j the parameter σj(λ, p, T ) is the absorption
cross section depending on the wavelength λ, the pressure p and the tempera-
ture T , cj(l) the number density at the position l along the light path of total
length L. εR and εM describe the Rayleigh-extinction and Mie-extinction co-
efficients. N(λ) is the photon noise depending on I(λ, L).
Equation 3.1 cannot easily be solved for atmospheric measurements: To de-
termine the trace gas concentration one would have to know how much of
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the difference between I(λ, L) and I0(λ) is influenced by Rayleigh and Mie
scattering in the atmosphere, variation of the light source and change in
the spectral sensitivity of the detector. The DOAS-technique overcomes this
problem as will be explained in the following.
The basic idea of DOAS is to separate the absorption structures in a narrow
and a broad band part. The trace gas analysis is then focussed on the narrow
band absorption structures of the trace gases of interest. As the absorption
caused by Rayleigh and Mie scattering, variation of the light source and
the sensitivity of the detector is broad banded, no interferences can occur
by just analyzing narrow band structures. Applying this idea separates the
cross section into two parts:
σj = σbj + σ
′
j (3.5)
where σbj denotes broadband spectral features and σ
′
j the differential cross
section which represents narrow band spectral structures for a given trace
gas j.
The separation of the absorption cross section of NO2 is illustrated in Figure
3.2. Figure 3.3 represents some examples of differential trace gas absorption
cross sections of absorbers that can be measured with DOAS. The right
column shows the average detection limit calculated for the given light path
length assuming a minimal detectable optical density of 10−3.
Figure 3.4 shows the simplified sketch of a DOAS measurement. Light of an
appropriate light source passes the atmosphere (or an air mass in a chamber)
and is collimated and transmitted to the entrance slit of a spectrograph-
detector unit via a quartz fibre. The light is dispersed by a grating and
recorded by the detector system. As the resolution of the spectrograph is
limited, the spectral resolution of the spectrum I(λ, L) is degraded. Panel
(a) in Figure 3.4 shows the spectrum as it reaches the entrance slit of the spec-
trograph and the rotational-vibronic absorption structures of formaldehyde
can be seen. The degradation of the spectrum due to the limited resolution
of the spectrograph is demonstrated in panel (b). Mathematically, the degra-
dation corresponds to a convolution of I(λ, L) with the instrument function
H of the spectrograph. Using a multi-channel detector, the wavelength range
is mapped to n discrete pixels. For each pixel the light of the interval from
λ(i) to λ(i+1) is integrated, with λ(i) being wavelength at the beginning of
the pixel. The interval is determined by the wavelength-pixel mapping, also
referred to as wavelength calibration CN of the instrument. For a linear dis-
persion the spectral width of a pixel is constant. Neglecting any instrumental
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Figure 3.2: Example for the separation of the NO2 cross section in a narrow
and a broad band part. The upper part shows the total cross section, whereas the
middle panel represents the broad band part σbj and the lower panel the narrow
band part σ′j. Adapted from [Dix 2007]





The wavelength calibration of the instrument can be approximated by a
polynomial:
CN : λ(i) =
q∑
k=0
ck · ik (3.7)
The wavelength calibration is described by ck and is characteristic for each
instrument. While a change in c0 describes a shift of the spectrum, a change
in c1 describes a linear stretch or squeeze of the spectrum. Parameters with
higher k describe a distortion of the wavelength of higher order. Such changes
in ck can be caused by varying measurement conditions. For example the
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Figure 3.3: Differential absorption cross sections σ′(λ) of selected atmospheric
trace gases measurable by the DOAS technique. The indicated detection limit as-
sumes a minimal detectable optical density of 10−3 on the given light path.
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grating spectrographs applied in this thesis tend to show a temperature drift,
when not thermally stabilized. It is therefore important to account for such
effects when analyzing the spectra. Panel (c) in Figure 3.4 shows the spec-
trum as it is stored on the computer after it was discretized. The logarithm
J(i) = ln(I ′(i)) of the intensity I ′(i) in Figure 3.4(c), can be described by:
J(i) = J0(i) +
m∑
j=1
a′j · S ′j(i) +B′(i) +R′(i) + A′(i) +N ′(i) (3.8)
where S ′j(i) represents the differential absorption structure for each trace
gas species. B′(i) stands for the broadband absorption, R′(i) represents the
sum of extinction by Mie- and Rayleigh scattering, A′(i) summarizes any
variations in the spectral sensitivity of the detector or spectrograph and
N ′(i) = ln(N(λ)) is caused by the detector noise and photon statistics.
The scaling factors a′j = cj
− · L are the product of the average number
densities over the light path of length L. The sum in equation 3.8 repre-
sents overlaying absorption structures of different trace gases. Practically,
the number of trace gases can be broken down to those trace gases which
feature absorption structures strong enough to be detectable with the DOAS
instrument. The number of trace gases to be included depends on the wave-
length interval observed (the strength of the absorption structures differs
with wavelength range) and the composition of the probed air mass. In a
single atmospheric spectrum typically m = 2 to 10 different trace gases can
be detected [Platt and Stutz 2008]. To obtain concentrations, the overlaying
absorption structures have to be separated numerically. In the analysis pro-
cedure, the parameters a′j (equation 3.8) and thus the concentration of the
trace gases are determined, accounting for all instrumental and atmospheric
effects. Furthermore the error ∆a′j of the parameters a
′
j and thus the error
of the calculated trace gas concentration has to be estimated. If no instru-
mental effects are encountered, concentration and errors can be determined
using linear least-square methods [Stutz and Platt 1996].
3.1.1 Principles of Analysis Procedure
The DOAS evaluation procedure is based on a model that describes the
different effects causing the differences between the I0 spectrum and the
spectrum I ′(i) (see Figure 3.4(c)). Based on equation 3.8, the logarithm of
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Figure 3.4: Simplified sketch of a DOAS measurement: Collimated light crosses
the atmosphere and is detected by a spectrograph-detector unit. (a): An ex-
ample-spectrum of this light entering the spectrograph, assuming formaldehyde
(HCHO) to be the only absorber in the observed air mass. The rotational-vibronic
absorption structures of HCHO can be seen. (b): The same spectrum convolved by
the spectrographs instrumental function H reaches the detector. (c): The spectrum
as it is stored on the computer: it was mapped by the detector to discrete pixels.
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a′j · S ′j(i) + Pr(i) (3.9)
where S ′j denotes the absorption structures of the trace gases absorbing strong
enough to be detected with the instrument. There are two approaches how to
obtain these cross sections: First, one can measure them in the lab, which has
the advantage that the resolution of the reference has exactly the resolution
of the instrument, and second one can convolve a high resolution literature
cross section with the instrument function H. The latter approach was used
in the framework of this thesis. The polynomial Pr(i) describes the broad-
band spectral structures caused by the characteristics of the lamp J0(i), the
broadband absorption by the trace gases B′(i), the spectral sensitivity A′(i)




ck · (i− ic)k (3.10)
where the parameter ic = int(n/2) corresponds to the center pixel of the
spectral region used for the evaluation. The polynomial refers to ic to max-
imize the influence of the nonlinear terms. By linearly fitting F (i) to J(i),
the polynomial coefficients ck (equation 3.10) and the scaling parameters aj
(equation 3.9) are determined. Afterwards, the scaling factors a′j are used to





where σ′j represents the differential absorption cross section of trace gas j
(see equation 3.5) and L the length of the absorption path.
As the convolved reference spectra S ′j(i) have a different wavelength-pixel-
mapping than the measurement spectrum J(i), the wavelength-pixel-mapping
Γj of the convolved reference spectra has to be adjusted to the wavelength-
pixel-mapping J(i) of the spectrum. Therefore a new spectrum S∗j (i) with the
wavelength-pixel-mapping ΓJ is calculated. This happens via the following
steps:
3.1. Differential Optical Absorption Spectroscopy 31
As Γj (identical to CN in equation 3.7) is a strictly monotonous function, its
inverse can be described by a polynomial:
Γ−1j : x(λ) =
q∑
k=0
βk · λk (3.12)
x(λ) denotes the ’real pixel number’, representing the expansion of the in-
teger channel number i to the space of real numbers. In order to calculate
the spectrum S∗j (i) from S
′
j(i), first the discrete spectrum S
′
j(i) has to be
interpolated to the continuous spectrum S ′j(x). This is done by using e.g. a










S ′j(i) −→interpolation S ′j(x) −→Γ
−1
j S ′j(λ) −→ΓJ S∗j (i) (3.13)
Γ−1j and ΓJ can be combined to a polynomial linking i to x:
x(i) = x (λ(i)) =
qs·ql∑
k=0
δk · ik (3.14)
For the analysis, equation 3.14 is slightly modified:
x = i+ fj(i) with fj(i) =
pj∑
k=0
dj,k · (i− ic)k (3.15)
While this formulation is identical to equation 3.14, its advantage is that the
spectral alignment parameters dj,k, determining the transformation, are zero
if the wavelength-pixel-mappings of J and S ′j are equal.
The parameters dj,k are derived by performing a nonlinear fit of the model F
to the spectrum J using fixed parameters aj and ck. For pj = 0, the spectrum
Sj is shifted by dj,0 pixels, whereas for pj = 1 the spectrum is additionally
linearly stretched or squeezed according to the parameter dj,1. Higher values
of pj denote a squeeze or stretch of higher order.
It is possible to set the degree of the squeeze pj for each reference spectrum.
If their wavelength calibration is identical, it is beneficial to apply one set of
parameters dj,k for two or more reference spectra, as this reduces the degrees
of freedom.
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The analysis procedure combines a nonlinear Levenberg-Marquardt-Method
[Levenberg 1944; Marquardt 1963] to derive dj,k and a standard linear least-
squares fit [Albritton et al. 1976; Bevington 1969] to determine aj and ck.




(J(i)− F (i))2 (3.16)
The procedure starts with a linear fit using the starting values dj,k. The
result of this fit, the parameters aj and ck, are then used as input data for the
following nonlinear Levenberg-Marquardt fit. Only one step of the nonlinear
fit is performed and the resulting dj,k is used as input for the next call of
the linear fit. The two fitting procedures are applied alternatingly and the
respective results are used as input for the next call. The fitting procedure
is stopped for several breaking conditions for the nonlinear fit. Usually the
fit is aborted if the relative changes of χ2 in the last step are smaller than a
given value (usually 10−6) and thus the fit has converged. Also if a certain
number of runs of the fitting procedure, determined by the user, is exceeded
or if the nonlinear method becomes unstable [Gomer et al. 1993; Stutz and
Platt 1996].
3.1.2 Passive DOAS Corrections
As for this thesis both, active and passive DOAS measurements have been
performed. This section deals with the corrections one has to account for
when analyzing passive DOAS spectra. First, the ’filling-in’ of the sun’s
Fraunhofer lines (the sun’s continuous spectrum of the sun is overlaid by
many strong absorption lines which arise from the discrete absorption and
re-emission of radiation in the sun’s photosphere, the so-called ’Fraunhofer
lines’) by Raman Scattering, the so-called ’Ring Effect’, will be discussed.
Second, the solar I0 effect will be described, that has to be accounted for
when convolving the literature cross sections of strong absorbers, such as
ozone or NO2.
The Ring Effect
In 1962 Grainger and Ring [1962] discovered that the depth of the Fraun-
hofer lines in the solar spectrum was less deep for larger solar azimuth angles.
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The Fraunhofer lines of these spectra seemed to be ’filled-in’ compared to
those spectra taken under smaller solar azimuth angles. Today this effect
is known as Ring Effect and most probably caused by inelastic rotational
Raman scattering of photons with air molecules [Bussemer 1993]. The inter-
action between a rotating molecule and an oscillating electric field cause a
change in the wavelength of the photon. As the intensity of the spectrum is
lower in the wavelength range of the Fraunhofer lines, there is a larger proba-
bility for photons to be scattered into the wavelength range of the Fraunhofer
lines than the other way round. Therefore the Fraunhofer lines are ’filled-in’
compared to the surrounding wavelength ranges.
As the Ring effect can be one to two orders of magnitude higher than the
atmospheric absorption of trace gases, it has to be thoroughly corrected in
the process of analysis. This is done by including a ring spectrum in the
fitting process, when analyzing scattered sunlight.
The measured intensity including elastic Rayleigh and Mie scattering, can
be written as:
Imeas = IRayleigh + IMie + IRaman = Ielastic + IRaman (3.17)
Taking the logarithm leads to:
ln(Imeas) = ln(Ielastic + IRaman) (3.18)












The ring spectrum can either be calculated or directly measured. In this
work a Ring spectrum calculated from the respective Fraunhofer reference
spectrum using the DOASIS software [Kraus 2005] was always included in
the fitting process. Figure 3.5 shows an example of a ring spectrum and the
respective solar spectrum.
The Solar I0 Effect
The intensity of the highly structured solar spectrum shows strong variation
caused by the Fraunhofer lines. This variation can affect the DOAS analy-
sis as the spectrometers with resolutions between tenths of a nanometer to
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Figure 3.5: (a) Solar zenith spectrum recorded on March 23rd 2004 at Kuujjuara-
pik, Canada during a campaign in the Hudson Bay with an Acton Spectrograph.
(b) Ring spectrum calculated from this zenith spectrum with the DOASIS software.
Adapted from [Filsinger 2004]
several nanometers, which are usually used for DOAS applications, cannot
resolve these high structures. Therefore the absorption structures of scat-
tered sunlight can differ from absorption structures determined in the lab
with an unstructured light source. As this effect is caused by the spectral
structures of the solar I0 spectrum, the effect is referred to as Solar I0 Effect
[Platt et al. 1997; Richter 1997].
While for most atmospheric absorbers the Solar I0 Effect can be neglected,
it has to be considered especially for strong absorbers, such as ozone or NO2.
Often the absorption structures of these strong absorbers cover underlying
weak absorbers, for example BrO, and hence it is important to thoroughly
retrieve their absorption structures. To account for the Solar I0 Effect, I0-
corrected reference spectra can be used. They are calculated as follows:
First, the high resolution Fraunhofer spectrum I0 is convolved with the in-
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strument function H:
I∗0 (λ) = I0(λ) ∗H (3.20)
Then, a synthetic absorption spectrum is calculated using a high resolution
absorption cross section and assuming a typical trace gas concentration c
of the respective trace gas. The synthetic absorption spectrum is convolved
with the instrument function as well:
I∗(λ) = (I0(λ) · e−σ·c) ∗H (3.21)










In order to correct the I0 effect perfectly, one would have to know the exact
concentration. Practically, only a typical concentration is assumed for all
analyses.
For this work, the I0 correction was applied for the cross sections of ozone and
NO2 assuming concentrations of 1 · 1019 molec/cm2 and 1 · 1017 molec/cm2,
respectively. For all other absorbers the I0 effect was neglected since their
absorption was either too weak or their absorption structures were too broad
to be significantly affected by the I0 effect.
3.1.3 Principle of MAX-DOAS
The first passive DOAS measurements used a telescope pointing to the zenith
in order to study mainly stratospheric absorbers. To improve the sensitivity
towards tropospheric absorbers, the multi-axes DOAS (MAX-DOAS) tech-
nique was developed. It observes scattered sunlight under different viewing
directions and its sensitivity towards tropospheric absorbers is significantly
higher than for zenith DOAS measurements. It has thus been used success-
fully in numbers of field measurements to study the distribution of tropo-
spheric trace gases [e.g. Leser et al. 2003; Ho¨nninger et al. 2004; Sinreich
et al. 2007]. Figure 3.6 shows a sketch of a MAX-DOAS measurements set-
up. The sunlight enters the earth’s atmosphere under a certain solar azimuth
angle ϑ (SZA) and is scattered in the line of sight of the MAX-DOAS instru-
ment. The instrument takes spectra under different elevation angles, where
an elevation angle is defined as the angle between the horizon and the point-
ing direction of the telescope. In this simplified sketch only one scattering
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Figure 3.6: The MAX-DOAS principle: Spectra of scattered sunlight are taken
under different elevation angles. Especially for small elevation angles, a high sen-
sitivity towards tropospheric absorbers is achieved. Adapted from [Sinreich 2008]
event is assumed for each photon. In reality multi scattering can also occur,
which makes the determination of the light path more difficult. The green
shaded areas indicate layers of stratospheric and tropospheric absorbers. As
can be seen, lower elevation angles result in a longer light path and, thus, a
better detection limit.
Passive DOAS measurements yield slant column densities (SCDs) of the ab-
sorbing trace gases present in the probed atmosphere. The SCD is defined





The SCD depends on the length of the light path, which is influenced by
observation geometry and meteorological conditions. It can be converted to
the vertical column density (VCD), V , which is the concentration integrated
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where c(z) denotes the concentration of the observed trace gas and z the
height. The VCD does not depend on the light path and can therefore be
used to compare different measurements. The air mass factor (AMF), A, is
given by the ratio of SCD and VCD:
A(λ, α, ϑ, φ) =
S(λ, α, ϑ, φ)
V
(3.25)
where α represents the elevation angle of the telescope, ϑ the solar zenith
angle and φ the relative azimuth angle between viewing direction of the
telescope and the sun (here assumed to be constant for simplification). The
AMF depends on the radiative transfer in the atmosphere and in general
has to be calculated using a radiative transfer model. The AMF is strongly
influenced by parameters like pressure, temperature, aerosols, clouds and
profiles of strong absorbers like ozone. These factors are accounted for in
radiative transfer models.
In the analysis of the passive DOAS measurements of this work, the spectra
are analyzed using the next spectrum taken under 90◦ elevation angle as
I0 reference (the so-called Fraunhofer reference), to minimize absorbers in
the reference. The analysis then yields differential slant column densities
(dSCDs):
∆S(ϑ, α) = S(ϑ, α)− S(ϑ, 90◦) (3.26)
where ∆S(ϑ, α) denotes the dSCD.
As MAX-DOAS uses scattered sunlight at least one scattering event must
occur before the light reaches the telescope. The scattering occurs predom-
inantly in the lower part of the atmosphere because the scattering objects,
for example aerosols and molecules, are mainly located in this region. Thus,
for a fixed SZA, Sstrat(ϑ, α) ' Sstrat(ϑ, 90◦) and:
∆S(ϑ, α) ≈ Strop(ϑ, α)− Strop(ϑ, 90◦) (3.27)
For MAX-DOAS measurements usually a set of elevation angles, including
the 90◦ angle, is run up sequentially. If the respective 90◦ angle is used
as Fraunhofer reference spectrum, the difference in stratospheric absorption
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between the two spectra can be neglected (note that this is not true for
rapidly changing SZA in the morning and the evening). In the case that a
fixed Fraunhofer Reference spectrum is used, e.g. taken at noon, one has to
account for stratospheric absorbers in the process of analysis.
For a detailed discussion of the MAX-DOAS technique, the reader is referred
to [Ho¨nninger et al. 2004].
3.2 The Instrumental Set-up
Within this study, active and passive DOAS measurements were performed.
For the active DOAS measurements, an enhancement of the traditional long-
path instrument, as it was used during former successful field measurements
[e.g. Ackermann 1997; Geyer 2000; Alicke 1997; Hebestreit 2001; Peters 2005],
was applied. The passive measurements were performed using Mini-MAX-
DOAS devices,which are very handy and light-weighted instruments. The
following section describes the main components of both instruments.
3.2.1 Active Long path DOAS Instruments
The basic principle of active long-path DOAS (LP-DOAS) sends light of an
artificial source through the atmosphere on a well-defined light path. After
traveling through the atmosphere, the light is transmitted to a spectrograph-
detector unit where it is detected to study the composition of the atmosphere.
As each trace gas features distinctive absorption structures, concentrations
of several trace gases can be measured simultaneously (see Section 3.1). Of
particular interest for this thesis were the reactive iodine species I2, OIO
and IO. While for passive MAX-DOAS measurements (see Section 3.1.3) the
light path is unknown, the light path of the LP-DOAS is well-known, which
allows to derive concentrations right away. Nevertheless even the LP-DOAS
technique yields an average along the light path as inhomogeneities of the
trace gas concentrations along the light path cannot be resolved. This is
of special interest in the case of an inhomogenous source, as for example
the emission of iodine precursors from seaweed (see Chapter 5). The main
components of the enhanced active LP-DOAS instrument will are described
in the next section.
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Light Source
Two types of high-pressure-Xe-arc lamps were used for the active LP-DOAS
measurements. Figure 3.7 shows an image of such a lamp. Between the
electrodes, which have a distance less than 1 mm, the light arc is created.
The light arc is generated by the discharge of a high-voltage ignition, which
produces a dense plasma in the Xenon gas bulb. The spectrum of the Xe-
arc lamp is a superposition of the thermal emission according to the Planck
function and the xenon emission lines. As the lamps are operated at very high
pressure (the pressure can reach up to 107 Pa during operation) the xenon
emission lines are significantly broadened. These emission lines can cause
problems in the analysis of the spectra in case they interfere with absorption
structures of the trace gas of interest. The color temperature of the Xe lamps
used for this work was ∼6000 K, which is comparable to that of the sun, with
a maximum of the spectral intensity at ∼500 nm. The electrodes are made
of tungsten and the bulb of the Xe lamp is made of quartz glass, because
this material is extremely resistant against high-pressure and heat and yet
transparent for uv radiation. The cathode has an edged peak to enhance the
electron emission, while the anode is made of massive material to absorb the
kinetic energy of the incoming electrons. Two types of lamps were used in the
framework of this thesis: the OSRAM XBO 500W and the PLI HSA-X5002
(Professional Lamps Inc., USA). An overview on the characteristics of both
lamp types is given in Table 3.1.
Hermes [1999] performed extensive studies on the variability of the emission
features of different lamp types caused by flaring lamp plasma. He found
Xe emission lines over broadened parts of the spectrum including the red
spectral region. As the emission strength and pressure broadening of these
Xe lines is variable in time the resulting lamp structures can be a limiting
factor in the evaluation of the spectra.
Telescope
The telescope used for the measurements of this thesis is an enhanced set-
up of the former coaxial mirror system which was first developed by Axelson
et al. [1990] and further improved by e.g. Stutz [1996]. A detailed description
of the instrument can be found in [Merten et al. 2009; Tschritter 2007]. A
sketch of the new system is shown in Figure 3.8. While in the former set-up
the light was coupled in the coaxial Newtonian telescope via mirrors, now a
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Lamp PLI SX5002 500W XBO Osram 500W
Power [W] 500 420
Voltage [V] 18 18
Current [A] 29.5 26
Lifetime [h] 200 400
Size of brightest spot [mm×mm] 0.3·0.3 0.7·0.8
Costs [Euro] 500 300
Table 3.1: Overview of the characteristics of the employed Xenon arc lamps
Figure 3.7: Image of a high-pressure Xe-arc lamp. The electrodes are made of
tungsten and the bulb of quartz glass.
Y-fibre bundle with a transmitting and a receiving part is used for coupling
the light in and out of the telescope. The fibre bundle is sketched in Figure
3.10. Its middle part is placed in the focal point of the telescope. The light
of the Xe-lamp is collimated into the transmitting fibres of the bundle and is
then transmitted to the telescope and parallelized. The parallel light beam
is then sent through the atmosphere (typical length of the light paths for
this work varied between 0.5 km and 10 km one-way) and reflected by the
retro-reflector array (see below). The returning light is again focused on the
fibre bundle and led to the spectrograph via the receiving fibre.
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Figure 3.8: Schematic overview on the set-up of the new active long-path DOAS
instrument with light source, fibre bundle, retro-reflector array and spectrome-
ter-detector unit. Adapted from Sihler [2007].
Figure 3.9 shows the two LP-DOAS telescopes applied for the field measure-
ments of this thesis. On the left hand side, the heavier GTI is shown, on
the right hand side the lighter mobile telescope can be seen. Both telescopes
have a focal length of 1.5 m.
Fibre Bundles
A fibre bundle (see Figure 3.10) consisting of seven closely-packed individual
quartz fibres with a diameter between 100 µm and 200 µm is used for the
measurement within this study. The six transmitting fibres are provided with
a standard SMA-connector. The single receiving fibre is usually terminated
by a fibre end ferrule, in order to align it in the entrance slit of the spectro-
graph. For the two field campaigns in 2007, several fibre bundles were used.
A detailed description can be found in [Buxmann 2008].
42 3. DOAS
Figure 3.9: Picture of the two applied long-path DOAS telescopes. GTI (left),
mobile-telescope (right).
Figure 3.10: Sketch of a DOAS Y-fibre bundle. The transmitting fibre bundle
on the left is illuminated by the light source. The bundle in the middle with the
receiving fibre in its center is placed in the focus of the telescope. The single fibre
on the right leads to the spectrometer-detector unit. See Figure 3.8 Adapted from
Sihler [2007].
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Figure 3.11: left hand side: sketch of a retro-reflector [Edmund Optics], right
hand side: array of retro-reflectors used at the MRI (see Chapter 5). Adpated from
Buxmann [2008].
Shortcut System
In order to record pure lamp reference spectra (the I0 in equation 3.1) a
quartz diffuser plate with an aluminium back-mirror is placed directly in
front of the fibre bundle. Light of the transmitting fibre is directly scat-
tered into the receiving fibre, therefore allowing to record a lamp spectrum
with no passage through the atmosphere. While the shortcut system is one
of the major advantages of the new LP-DOAS telescope based on fibre op-
tics [Merten et al. 2009], its light intensities are rather low, causing long
integration times.
Retro-Reflectors
The parallel light beam of the telescope is sent through the atmosphere to
an array of quartz prism retro-reflectors. These retro-reflectors reflect light
exactly at 180◦. They have a diameter of 70 mm each and weigh 430 g. As
the divergence of the light path increases for longer light paths the size of the
retro-reflector array must be increased to assure that enough light is reflected
back. For the long light paths up to 80 retro-reflectors were mounted in one
array to provided sufficient light intensities.
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Quartz Fiber Mode Mixer
As discussed before, quartz fibers are used to emit light from the light source,
and to transmit the incoming light from the focal point of the telescope to the
entrance slit of the spectrograph. However, the usage of quartz fibers leads
to interference fringes of the light leaving the fiber due to total reflections
inside the fiber. Stutz and Platt [1997] found that non-uniform illumination
of the field-of-view of the spectrometer can cause residual structures in the
spectra which can limit the minimum detectable optical density to several
10−3. In order to reduce this effect, the entrance slit of the spectrograph can
be covered with a dispersion plane or a quartz–fiber mode mixer (QFMM)
can be used [Stutz and Platt 1997]. Although guaranteeing the same effect,
the advantage of a QFMM is, that it does not cause as much light loss as
the dispersion pane. A sketch of a QFMM can be seen in Figure 3.12. The
QFMM causes a squeeze and random deformation of the fibre by clamping
it between two aluminium blocks which are padded with foamed rubber and
then slightly shaking the fibers by loosely hanging them in the gust of a
ventilator. While in the previous LP-DOAS set-up a quartz fibre was used
only to transfer incoming light from the focal point of the telescope to the
detector, the new LP-DOAS instrument, which is based on fibre optics, uses
a fibre bundle (see Section 3.2.1) which also transfers the light from the light
source to the focal point of the telescope. Hence the QFMM can be applied
at two sites: At the sending fibre, as the light of the light source is neither
homogenous nor isotropic, and at the receiving fibre in order to provide a
uniform illumination of the grating and the detector. A detailed study on
the use of QFMM and fibre bundles for the second field study of this work
can be found in Buxmann [2008].
Figure 3.12: Schematic overview of a quartz fiber mode mixer. Adapted from [].
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Spectrograph and Detector
In the framework of this thesis two spectrographs were operated: The ’Acton
spectra Pro 500’ and the ’Acton Spectra Pro 300’ (from now on referred to
Acton 500 and Acton 300). Basically the set-up of the spectrometers was
already developed by Czerny and Turner [1930]. The light of the receiving
fibre is focused on the entrance slit of variable width. The entrance slit is
placed in the focal point of a spherical mirror, and the thereby parallelized
light is reflected onto the plane diffraction grating. The dispersed light is
focused by a second convex spherical mirror onto the detector unit. Table
3.2 gives an overview of the characteristics of the two different spectrographs.












Acton 300 300 4.1 0.12 1800 250 1.54
Acton 500 500 6.9 0.07 600 300 3.08
In order to minimize thermal disadjustments, the whole spectrograph unit is
thermally insulated and thermostated by a PID control unit. The spectro-
graph temperature was usually set to 30◦C, but during the campaign at the
Martin Ryan Institute (see Chapter 5), the temperature differences between
day and night were too high to keep the spectrograph stabilized. This caused
problems during the analysis.
The detector unit is situated in the focal plane of the spectrograph. It prin-
cipally consists of a photo diode array (PDA) manufactured by Hamamatsu
(type S3904-1024) with 1024 Si photo diodes (CMOS) of 25 µm width and
2.5 mm height. The PDA is placed inside an evacuated camera box filled
with 1-2 bar Argon 5.0 to prevent freeze-out of water vapor on the PDA
which could cause a Fabry-Perot etalon effect [Stutz 1991]. The capacity of a
diode is 10 pF, the full well-depth corresponds to 1.286·108 photo electrons.
A more detailed discussion of the usage of PDAs as DOAS detectors can be
found in Stutz [1991]. Each photo diode represents a n-p junction. During
operation an inverse voltage of 2.06 V is applied to the diode inducing a de-
pletion layer. A certain number of electrons are excited into the conducting
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layer of the semi conductor by incoming light. The number of electrons is
proportional to the light intensity. These mobile charge carriers reduce the
applied inverse voltage. It is also possible that thermally activated electrons
reach the conducting layer and therefore increase the signal. This effect is
called ’dark current’ and has to be accounted for in the process of evalua-
tion. The PDA is cooled by a peltier element to -30◦C in order to reduce the
dark current. Nevertheless, all spectra are corrected for dark current, which
means a dark current spectrum according to their integration time, taken for
the same PDA temperature, is subtracted. After the pretended integration
time the PDA is read out and signals are amplified electronically. To exclude
negative signals under low light conditions, an offset signal is added to every
PDA signal readout. The offset is proportional to number of readouts per
spectrum and has to be corrected in the process of evaluation. The signals
are digitized by a 16 bit analog-digital converter and then transmitted to the
PC.
3.2.2 Passive Mini-MAX-DOAS Instruments
For both measurement campaigns ’Mini-MAX-DOAS’ devices were used.
This handy and relatively small instrument (the dimensions of the hous-
ing are about 13 cm × 19 cm × 14 cm) [Ho¨nninger 2002] was developed at
the Institute of Environmental Physics of the University of Heidelberg in col-
laboration with Hoffmann Messtechnik GmbH, which is the manufacturer of
the Mini-MAX-DOAS devices. Figure 3.13 shows the two Mini-MAX-DOAS
instruments that were used at the Martin Ryan Institute (see Chapter 5).
The Mini-MAX-DOAS instrument consists of a housing which contains the
fibre, the spectrograph-detector unit, a Peltier element and electronics for
the stepper motor and the cooling. The stepper motor is attached to the
housing and enables to move the instrument to the different elevation angles.
A sketch of the housing can be seen in Figure 3.14. While the power of
the spectrograph-detector unit is provided by the USB port of the PC, the
cooling and the movement of the stepper motor need a 12 V power supply,
which covers 4 A peak current for the maximum cooling power. The typical
current needed is about 2 A. In case no mains supply is provided a battery
can be used as power supply of several hours. For this work, the Mini-MAX-
DOAS devices were connected parallel to the mains supply and a battery,
since the battery provides a fallback power supply in case of a power cut of
the mains supply and additionally smooths power peaks.
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Figure 3.13: Mini-MAX-DOAS instruments set-up on tripods. The picture was
taken during the field study at the Martin Ryan Institute (see Section 5)
Figure 3.14: Schematic sketch of the spectrograph-telescope unit of a
Mini-MAX-DOAS device. Adapted from Platt and Stutz [2008]
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The scattered sunlight is collected and focused on the entrance of a quartz fi-
bre bundle of four discrete fibres (100 µm core diameter) of about 1 m length
by a circular quartz lens (focal length f = 40mm, diameter d = 20mm). This
entrance optic has a field-of-view of approximately 0.6◦. The light is then
led to the entrance slit of the spectrograph-detector unit (width 50 µm).
At the entrance side, the fibres are arranged rectangularly, whereas at the
entrance slit of the spectrograph the fibres are arranged in a linear configura-
tion in order to provide the maximum light throughput. The spectrograph-
detector unit within the housing is a Czerny-Turner spectrograph-detector
unit called ’USB2000’ and manufactured by Ocean Optics Inc.. A sketch of
the ’USB2000’ can be found in Figure 3.15.
After passing the entrance slit, the light is collimated by a concave mirror
and then transmitted to a holographic grating, which splits the light into its
spectral components. It then reaches a second concave mirror which focuses
the dispersed light onto a one-dimensional CCD detector with 2048 pixels.
The spectrograph is connected to a 12-bit ADC and USB interface, where the
information about the detected light intensity is transmitted to the PC. The
latter also moves the stepper motor and controls the measurement routine.
The spectrograph detector unit can be cooled by a Peltier element to a tem-
perature up to 30◦C below ambient temperature to minimize temperature-
induced instabilities of the optical properties of the spectrograph and to
decrease the dark current. For our measurements the temperature was set to
0◦C. To avoid condensation of water vapor the, housing is sealed and drying
agent was included. The two passive DOAS instruments covered a wave-
length range from circa 330 to 460 nm for the detection of IO and BrO and
from 540 to 630 nm for the detection of OIO and I2. In the first instrument,
a BG3 filter was mounted behind the entrance optics in order to reduce stray
light in the spectrograph. The transmission curve of the BG3 filter is shown
in Figure 3.16.
3.3 The DOAS Analysis Procedure
In this section, the process of the DOAS evaluation will be described. The
preprocessing of the spectra will be discussed as well as the different analysis
settings applied for each species. Beside the non-halogen species, the reactive
iodine species IO, OIO and I2 were studied. The evaluation of BrO was
carried out by [Buxmann 2008] and her analysis setting has been adapted.
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Figure 3.15: The main components of the Ocean Optics USB2000 spectrograph
Figure 3.16: Transmission curves of the UG5 (blue) and the BG3 (red) filter
of 1 mm thickness. Only the BG3 filter was used in the framework of this work.
Adapted from Sinreich [2008].
3.3.1 Software
Both active and passive measurements during the field campaigns were fully
automated and controlled by the software DOASIS, developed at the Insti-
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tute for Environmental Physics, University of Heidelberg [Kraus 2005]. The
measurement routines will be explained in Chapter 5. DOASIS was also
used for the analysis of the active LP-DOAS data. The passive DOAS data
were analyzed with the software WinDOAS [Fayt and van Rozendael 2001].
WinDOAS was developed at IASB/BIRA (Belgian Institute for Space Aeron-
omy) for the analysis of UV-VIS spectra. WinDOAS was also used for the
convolution of all literature cross sections, whereas the ring spectra for the
passive data were calculated with DOASIS.
3.3.2 Spectra Preprocessing and Convolution
Each recorded spectrum was corrected for offset (see Section 3.2.1) according
to the number of scans. Two types of background spectra were taken in the
framework of this thesis (a background spectra is recorded with a blocked
lamp, to account for atmospheric stray light). While for the campaign in 2006
only the atmospheric spectrum was background corrected with the respective
background spectrum, in 2007 the lamp spectrum was also background cor-
rected with a respective spectrum as this was found to improve the detection
limit. The background spectra were recorded right after the atmospheric
or lamp spectrum. The correction of the dark current (see Section 3.2.1)
is included herein. A high-pass filter to smooth structures smaller than the
absorption structures was not applied.
In Table 3.3 all utilized absorption cross sections are listed. The resolution
and wavelength-pixel mapping of the reference spectra has to be adjusted to
match the atmospheric spectra. This procedure was already introduced in
Section 3.1.1. Therefore, the literature cross sections have to be convolved
with the corresponding instrument function.
3.3.3 Analysis Settings
In the following section, the analysis settings used for the analysis of the
different RHS will be discussed. An overview of the different settings can be
found in Table 3.4.
BrO
The evaluation of BrO was performed between 315 and 342.5 nm where 6
vibrational bands of BrO are located. In addition cross sections of O3, NO2,
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Table 3.3: Differential Absorption Cross Sections
Species Reference
BrO Wilmouth et al. [1999]
O3 Voigt et al. [2001]
SO2 Vandaele et al. [1994]
HONO Stutz et al. [2000]
HCHO Moortgat G.K. [2000]
O4 Greenblatt et al. [1990]
NO2 Voigt et al. [2002]
I2 Saiz-Lopez et al. [2004]
OIO Bloss et al. [2001]
IO Spietz et al. [2005]
H2O Rothman et al. [2005]
NO2 (MAX-DOAS) Vandaele et al. [1998]
O3 (243K, MAX-DOAS) Bogumil et al. [2003]
O3 (223K, MAX-DOAS) Voigt et al. [2001]
HONO, HCHO, SO2, and O4 and a polynomial of 5th order were included
in the fitting procedure. A shift of 2 channels and a squeeze of 0.02 % was
allowed for in all absorbers.
IO
IO was analyzed in the wavelength range between 416 and 439 nm where
three of the strongest absorption bands of the electronic transition A2Π3/2 ←
X2Π3/2 are found. In addition to the IO cross section, references of NO2 and
H2O were included in the fitting procedure. The used polynomial was of 5th
order. A linked shift of 2 channels and a squeeze of 0.02 % was allowed for all
absorbers. Figure 3.17 shows a sample evaluation of August 30th 2007, 14:13
GMT, taken along the short light path at the Martin Ryan Institute during
the campaign in 2007. The presented spectrum corresponds to a column
density of 6.54± 0.68 · 1013 molec/cm2. Assuming homogenous mixing along
the 1034 m light path, this would correspond to a mixing ratio of 25.3± 2.7
ppt.
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Figure 3.17: Example for the spectral identification of IO on the short light
path during the campaign at the Martin Ryan Institute in 2007. The spectrum was
recorded August 30th 2007, 14:13 GMT. The blue line indicates the fit result, the
black line the sum of fit result and residual. The corresponding mixing ratio of IO
is 25.3± 2.7 ppt
OIO/I2
The evaluation of OIO and I2 was performed in the wavelength range between
530 and 567 nm. This covers 6 vibrational bands of OIO and 15 bands of
the electronic transition B3Π(0+u ) − X1Σ+g of I2. Besides the cross sections
of OIO and I2, references of NO2, O4 and H2O and a 4th order polynomial
were included in the fit. The absorbers were allowed for a linked shift of 2
channels and a squeeze of 0.02 %.
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Table 3.4: Overview of the analysis settings
Species Wavelength
range
Polynomial Trace gas references applied
IO 416 - 439 nm 5th order NO2,H2O
I2/OIO 530 - 567 nm 4th order NO2,H2O,O4
BrO 315 - 342.5 nm 5th order O3,H2O,HONO,HCHO,SO2,O4
IO (MAX-DOAS) 414 - 438 nm 3rd order O4,NO2
I2/OIO (MAX-DOAS) 553 - 567 nm 3rd order O3,H2O,O4,NO2
BrO 346 - 359 nm 2nd order O3,NO2,O4
MAX-DOAS BrO
The analysis of BrO was performed between 346 and 359 nm. Besides a BrO
cross section, references of O3 at 243 K and 223 K, O4, NO2 at 220 K and
293 K and H2O and a ring spectrum were included in the fit procedure. The
offset applied was constant and the polynomial of 2nd order.
MAX-DOAS IO
The analysis of IO was performed between 414 and 438 nm. A polynomial of
3rd order and an offset of 2nd order were included in the fit as well as cross
sections of IO, O4 and NO2 at 293 K.
MAX DOAS OIO/I2
OIO and I2 were analyzed between 553 and 567 nm. In addition to the I2
and the OIO reference, references of O3 at 243 K and 223 K, O4, NO2 and
H2O were fitted to the atmospheric spectrum. The polynomial included was
of 3rd order and the offset applied was constant.
3.3.4 Errors and Detection Limit
The errors of the DOAS measurements can be split up into instrumental
and statistical errors. Here we give an overview of the errors that have
to be considered. The instrumental error describes all errors caused by the
recording of the spectra, whereas the statistical error results from the process
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of evaluation. Dividing in ’statistical’ and ’systematic’ errors, the following
errors have to be considered:
Systematic Errors
- Uncertainties and errors of the literature cross sections. Depending
on the trace gas of interest, the error of the literature cross section
lies between 1% and 15%. More problematic are cross sections of the
iodine oxides, OIO and IO since their absolute cross sections for the
main band reported in literature vary significantly.
- The convolution process and differences in the wavelength-pixel map-
ping can cause errors up to 1-3%
- Stutz [1996] determined the systematic error of the DOAS spectrograph
to be smaller than 3%
- Errors made by the determination of the length of the light path can
be neglected, as a laser distance instrument was used. This provides an
error in the order of centimeters, whereas the length of the light path
is of the order of kilometers.
Statistical Errors
The statistical error for the derived concentrations can be obtained from the
random structures of the residual according to Stutz and Platt [1996] and
Stutz [1996]. Within the fitting process, a statistical error is determined for
each reference spectrum adapted and stated as 1σ-error. For the estima-
tion of this error, the number of absorption bands, the number of channels
used for evaluation, the intensity of the recorded spectrum, some related
quantities and uncertainties in the wavelength-pixel mapping are taken into
account. The resulting 1σ-error underestimates the realistic error. There
are several approaches how to determine the real error [e.g. Hausmann et al.
1999; Ferlemann 1998]. However, to apply these methods requires a lot of
computation time, thus, not suitable for huge amounts of data as collected
in the framework of this thesis. According to the method of Stutz and Platt
[1996], the 1σ-error of the fit was multiplied by a factor of 2 to get the real
error.
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Detection Limit
The detection limit depends on the statistical error. It is commonly given as
the twice the real fit error. As the statistical errors vary for every spectrum,
the detection limit is not constant in time. Moreover, in the framework of this
thesis, different light paths were used. The concentrations of the trace gases,
and the statistical errors, are calculated by dividing the fit coefficients by the
length of the light path. This leads to a negative correlation of the detection
limit with the length of the light path. The meteorological conditions also
influence the detection limit, as for higher visibility the signal-to-noise ratio
is higher. While for the campaigns in 2007 (see Chapter 5) the detection
limit is given as twice the real error, for the campaign in 2006, the detection
limit was derived by calculating the concentration that would be needed to




The three field campaigns of this thesis were all conducted in the framework
of the MAP-(Marine Aerosol Production) Project. As marine aerosols affect
the global radiative budget, they have an impact on climate. Objective of
MAP was to quantify the key processes of primary and secondary aerosol
production from natural sources. Primary aerosols originate from organic
matter, that is produced by plankton in the ocean and transferred to the
atmosphere via bubble-bursting processes. Secondary aerosol form via the
nucleation of iodine oxides, which were studied within this thesis.
An intensive field study took place in summer 2006 at Mace Head research
station and onboard the research vessel Celtic Explorer. The Celtic Explore
was cruising along the Irish West Coast in front of Mace Head. Besides mea-
surements of gas phase chemistry, a broad variety of particle measurements
were carried out. The comparison of measurements onboard the Celtic Ex-
plorer with measurements conducted at Mace Head allowed to distinguish
between the coastal and the open ocean signal and to figure out wether the
measurement at Mace Head are representative for the open ocean and there-
fore can be used for large scale modelling.
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4.1 Passive DOASMeasurements onboard the
Celtic Explorer
From June 11th to July 5th, the research vessel Celtic Explorer was cruising
in front of the Irish West Coast. This field study was conducted parallel to
the intensive field campaign at Mace Head allowing comparison between the
results from the open ocean and the coast.
Two Mini-MAX-DOAS instruments, one for the detection of OIO and I2 and
one for the detection of IO and BrO as they have been described in Chapter
3.2.2 have been mounted onboard. This was carried out in the framework of
a diploma thesis conducted at the Institute for Environmental Physics of the
University of Heidelberg [Martin 2007]. Therefore the results will just briefly
be presented here.
Figure 4.1 shows the Celtic Explorer. The instruments were set up on top
of the bridge. The campaign took place during the plankton bloom period
in an attempt to maximize the biological signal. The ship route was not set,
but flexible in order to follow the plankton bloom. The route of both legs
of the cruise can be found in Figure 4.2. During a port call on June 24th,
the instrument for the visible wavelength range had to be replaced as it was
damaged by a storm.
Figure 4.1: Research Vessel Celtic Explorer. The instruments were set up on
top of the bridge.
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Figure 4.2: The two legs of the Celtic Explorer Cruise.
For the whole cruise the signals of all reactive halogen species remained below
the detection limit. As the analysis for the visible wavelength range was not
stable, no reliable detection limit for I2 and OIO could be derived. The
detection limit of BrO was estimated to 1.2 ± 0.49 ppt, assuming a layer
height of 500m. For IO a detection limit of 1.07 ± 0.2 ppt was derived,
assuming a layer height of 500m.
Although the IO signal did not exceed the calculated detection limit, a rise
in the derived differential slant column densities (dSCDs) was observed in
the evening of June 13th. The diurnal variation of the IO signal is shown in
Figure 4.3. The assumption that the given detection limit is too high and
that there was actually an increase in the IO concentration is supported by
data from the University of Helsinki. They observed a particle burst event
the same day with a differential mobility particle sizer (see Figure 4.4). As
already discussed in Chapter 2 IO acts as precursor for particle formation
and therefore an increase of the IO concentrations could explain the observed
particle burst. It is also noticeable that the increase in particle concentration
and IO dSCDs show the same diurnal variation, with the rise starting at noon
and peaking around 6 pm. However, as the absorption structure of IO could
not be identified unambiguously in the spectra, Martin [2007] states that the
data do not allow to draw further conclusions.
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Figure 4.3: Diurnal variation of IO for June 13th. In the evening an increase
of the signal can be seen. Adapted from [Martin 2007].
4.2 Description of the Measurement Site at
Mace Head
The clean-air site of Mace Head is located at the Irish West Coast (53◦19’ N,
9◦53’ W). It is situated in the path of mid-latitudes cyclones which frequently
traverse the North Atlantic. The next major city is Galway 88 km eastwards
with 72000 inhabitants. The main Atlantic shipping routes are more than
150 km and the transatlantic corridors more than 80 km away. The clean
air sector spans wind directions from 180◦ to 300◦ West and 60 % of the air
masses that arrive at Mace Head are clean sector air masses. Pollution events
are observed when air from the European continent reaches Mace Head.
As the local emissions are negligible, the station is ideal for studies under
northern hemisphere background conditions. Figure 4.5 shows a sectional
sketch of the measurement site. For both campaigns the instruments were
set up in the lower cottages, which are 5 m above sea level and 50 m from
the shore during high tide.
Figure 4.6 shows the lower cottages from the shore. During 2006, the active
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Figure 4.4: Particle burst in the evening of June 13th observed onboard the Celtic
Explorer. Data provided from Mikael Ehn, University of Helsinki and adapted from
[Martin 2007].
Figure 4.5: West-to-East sectional view along the Mace Head Research Station.
Today there is a second tower of a height of 10 m right behind the lower cottages.
Adapted from [Hebestreit 2001].
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instrument was set up in the middle lab of the left cottage and the passive
instruments right in front of it. In 2007 only one active instrument was placed
in a clean lab on the left side of the building allowing measurements across
Roundstone Bay (see Chapter 5).
Figure 4.6: View from the sea towards the lower cottages. In 2006 the DOAS
instruments were set up in the middle lab of the left cottage.
DOAS light path at Mace Head
For the measurement campaign in 2006, two retro-reflector arrays were placed
on Croaghnakeela Island. One of the retro-reflector arrays was mounted on
top of the island, about 50 m above sea level and the other one on the
bottom, just few meters about sea level at high tide. The light path to the
upper array (22 retro-reflectors) was 4332 m one-way and to the lower array
(61 retro-reflectors) 4092 m, leading to total absorption path lengths of 8664
m and 8184 m, respectively. The idea of mounting two reflectors was to
get the vertical distribution of the reactive iodine species. The light path is
illustrated in Figure 4.7. For the different reflectors the light was sent out
under different angles (0.1◦ for the bottom array, 0.75◦ for the top array).
Figure 5.4 in Chapter 5 shows the seaweed distribution in the vicinity of
Mace Head and the Martin Ryan Institute. The seaweed is mainly of the
type Laminaria, which are known to be strong emitters of iodine precursors
[e.g. McFiggans et al. 2004]. The light paths crossed two areas of seaweed:
one in front of the station and one in front of Croaghnakeela Island. Kelp
beds can also be found in abundance in the area around Mace Head.
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Figure 4.7: Light paths used for the campaigns in 2006 and 2007, in 2006 the
light beam was sent to two retro-reflector arrays on Croaghnakeela Island: One on
top and one on the bottom of the Island. In 2007 just one reflector was placed in
Roundstone.
4.3 Passive DOASMeasurement at Mace Head
Between June 12th and July 3rd 2006, passive DOAS measurements also
using Mini-MAX-DOAS devices (see Section 3.2.2) were performed at and
around Mace Head research station. This was also done in the framework
of a diploma thesis [Stein 2006] at the Institute for Environmental Physics
of the University of Heidelberg. At Mace Head the instruments were placed
in front of the lab with the passive instruments pointing in almost the same
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direction as the active DOAS instrument to allow comparison between the
different instruments. In addition azimuthal scans of the kelp beds around
Mace Head were performed in order to detect ’hot-spots’ (see Section 2.2.5).
During four days also measurements at areas with vast seaweed appearance
several kilometers from Mace Head were conducted. While OIO remained
below the detection limit of 9 ppt (assuming a layer height of 70m), IO
exceeded the detection limit of 3.4 ppt (same assumptions as above) during
3 days of measurements.
Measurements at 53,31 N 9,85 W on June 14th 2006 yielded dSCDs that
correspond to a mixing ratio of 3.5 ppt. June 26th was the only day when
the IO dSCDs exceeded the detection limit while measuring at Mace Head.
The maximum dSCD was converted to a mixing ratio of 4.9 ppt. On June
30th measurements were conducted at 53,39 N 9,65 W. The results of this
measurement are shown in Figure 4.8. The separation between different
elevation angles can clearly be seen, indicating a tropospheric absorber. It
is noticeable that very high SCDs were observed for -0.9◦. However, due
to Raman scattering in the water, the analyses showed structured residuals
which is reflected in the large errors of the SCDs under negative elevation
angles (they are about five times higher than under positive elevation angles).
Nevertheless, the signal is significantly higher than under positive angles. For
a detailed discussion of the results, the reader is referred to the thesis of [Stein
2006].
4.4 Active Long path DOAS Measurements
To study the RHS and related species like ozone and NO2, spectra in the
following wavelength regions were taken: BrO (O3, O4, HCHO, NO2) in the
320±40 nm (UV), IO (NO2, H2O) in the 430±40 nm and OIO (I2, NO2, H2O)
in the 550±40 nm (green) region. Measurements were performed between
June 16th and July 24th. First analyses showed an uncommonly high and
structured residual. Attempts to improve the analysis by taking more lamp
reference spectra, varying fibres and even applying the old coaxial mirror
system did not yield any improvement. Eventually it turned out that the
PDA was damaged during a truck accident on the last meters to Mace Head.
The PDA was replaced by the only available spare PDA. As this PDA was not
evacuated properly, it also showed strong residual structures. Even though
the derived detection limit was about 50% better than that of the first PDA,
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Figure 4.8: Variation of IO results on June 30th during measurements at 53,39
N 9,65 W. The dotted line marks the lowest tidal level. Adapted from [Stein 2006].
it was still insufficient to detect any RHS unambiguously.
Figure 4.9 shows a fit result from a spectrum taken June 27th at 10:54 GMT.
The residual features strong broad band structures that interfere with the
absorption structures of IO. The derived column density would correspond to
5.9× 1013 molec/cm2. However, if the first absorption band was excluded by
narrowing the wavelength range, no IO could be detected in the spectrum.
Due to the large residual structures, it was not possible to get a stable anal-
ysis for any RHS. The derived concentrations showed strong scattering and
did not withstand sensitivity studies, such as the change of the evaluation
wavelength range. Even though the concentration sometimes exceeded the
detection limit, if calculated from the respective corresponding fit error, it
can not be excluded that the resulting concentration is an artefact caused by
the residual structures.
As the determination of the detection limit via the fit error failed for both
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Figure 4.9: IO fit result for a spectrum taken with the first PDA. The residual
features large broad band structures that interfere with the absorption structures of
IO.
PDAs, another approach had to be applied. To derive the detection limit for
the different RHS, two successive lamp spectra were divided, high-pass fil-
tered and logarithmized. The detection limit was then derived by calculating
the necessary concentration to exceed the peak-to-peak residual (Rptp):
DL =
Rptp
σ(λ) · L (4.1)
where DL denotes the detection limit, σ(λ) the depth of the differential
absorption cross section in the corresponding wavelength range and L the
light path. Table 4.1 shows the detection limits for both PDAs and all RHS.
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Species Av.D.L. PDA 1 Av.D.L. PDA2
BrO 8.2 ppt 3.2 ppt
IO 4.2 ppt 2.5 ppt
I2 102 ppt 67 ppt
OIO 34 ppt 21 ppt
Table 4.1: Overview on the resulting detection limits of the active DOAS instru-
ment during the 2006 Mace Head campaign.
Chapter 5
Mace Head and Martin Ryan
Institute Campaign 2007
In this chapter the results from two field studies are presented which were
carried out simultaneously in summer 2007 around Carna, Ireland. The
meteorological conditions and the seaweed appearance are discussed, followed
by the presentation of the obtained results.
Since the detection of RHS with the LP-DOAS instruments was not possible
during the campaign in 2006 (see Chapter 4), another LP-DOAS field study
at Mace Head was conducted in August and September 2007. Additionally,
a second field study took place at the Martin Ryan Institute (MRI), which
is located about 6 km south-east of Mace Head. At the MRI a LP-DOAS
and two Mini-MAX-DOAS instruments (see Sections 3.2.1 and 3.2.2) were
deployed for the detection of RHS.
At Mace Head a comparison campaign on RHS was carried out, while at
the MRI the main goal was to study the connection between reactive iodine
species and particle formation. Furthermore, the aim was to investigate the
spatial distribution of RHS. Since most of the measurements of RHS have
been carried out at Mace Head [e.g. Alicke et al. 1999a; Hebestreit 2001;
Saiz-Lopez and Plane 2004a; Saiz-Lopez et al. 2004a], it is necessary to
study how representative the results are. The simultaneous measurements at
the MRI and at Mace Head allowed a comparison between both locations.
The first part of this chapter deals with the meteorological conditions during
the campaign, the applied measurement routine and the seaweed appearance
in the area around the measurement sites. In the second part the field study
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at Mace Head will be described and the corresponding results are presented.
The last part describes the measurement site at the MRI and the corre-
sponding results. A discussion of the results and the comparison with other
measurements can be found in Chapter 6.
5.1 Meteorological Conditions
At Mace Head measurements of meteorological conditions were performed
by the University of Galway. Data of pressure, solar radiation, wind speed,
wind direction and temperature are provided. Since no meteorological mea-
surements were performed at the MRI, the data from Mace Head were used
for the interpretation of the results.
During the five weeks of measurements the wind direction was mainly north-
east, leading to relatively clean conditions with very low NO2 concentrations.
The maximum NO2 mixing ratio measured at Mace Head was 0.74 ppb and
2.4 ppb at the MRI, with average mixing ratios of 0.1 ppb and 0.2 ppb,
respectively. At the end of the campaign, the wind turned south leading to
higher pollution, which can be seen in the NO2 data (see Figure 5.9). As
usual for coastal sites the wind speed was relatively high with an average of
11.2 m/s and a maximum of 28.3 m/s. Despite some days of rain, most of
the days were sunny and partly cloudy with good visibility allowing almost
permanent LP-DOAS measurements. The average temperature was 14.7 ◦C
, with a minimum of 10.3 ◦C and a maximum of 18.2◦C. An overview on the
general weather conditions can be found in Figure 5.1.
5.2 Measurement Routine
For both field studies the same measurement routine was used to perform the
LP-DOAS measurements. Previous to the campaign intensive experiments
were performed to improve the detection limit of the instruments [Buxmann
2008]. The applied measurement routine was based on the results of these
experiments in order to get the best detection limit possible. Compared to
previous measurement routines [e.g. Peters 2005], two major changes were
made to improve the sensitivity: the detection limit could be significantly
improved first, by taking one shortcut spectrum for each measurement spec-
trum and second, by taking a background spectrum also for the shortcut















































































































Figure 5.1: Overview on the meteorological conditions during the campaign. The
data were collected at Mace Head (Data from Brendan Kelly, NUIG, pers.comm.).
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spectrum, to properly correct for dark current.
Measurements were performed in the following wavelength ranges: (320±40)
nm for the detection of BrO, (430± 40) nm for the identification of IO and
(550 ± 40) nm to identify OIO and I2. For a SZA > 90 ◦ measurements for
the detection of NO3 were performed in the wavelength range of (640± 40)
nm.
A measurement sequence started with the determination of the integration
time for the atmospheric spectrum to minimize the time gap between the
recording of the shortcut spectrum and the atmospheric spectrum. After-
wards, a shortcut spectrum with 15 scans was recorded, followed by the
measurement of the atmospheric spectrum and a second shortcut spectrum
of 15 scans. In the process of the analysis, the two shortcut spectra were
added to one shortcut spectrum for each atmospheric spectrum, in order to
provide the ideal sensitivity. For the atmospheric spectrum a maximum of
30 scans and a maximum integration time of 30 s for the summ of all scans
was allowed. Background spectra were taken with a fixed integration time
of 10000 ms. A flow diagram of the measurement routine is shown in Figure
5.2.
Figure 5.2: A schematic overview on the measurement routine used during both
field campaigns in 2007. Adapted from [Buxmann 2008].
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5.3 Seaweed Appearance
Figure 5.3 shows the measurement sites Mace Head and the MRI. The MRI is
located about 6 km south-east of Mace Head. The black arrows indicate the
LP-DOAS light paths and the red arrow the viewing direction of the MAX-
DOAS instruments. Shaded areas indicate the intertidal zone. In these areas
extended fields of macroalgae are exposed to ambient air during low tide. A
detailed description of the measurement site at Mace Head was already given
in Chapter 4 and the site at the MRI will be described below.
Figure 5.3: A map of the two measurement sites Mace Head and Martin Ryan
Institute. The black arrows indicate LP-DOAS light paths, the red arrow the view-
ing direction of the MAX-DOAS instruments. Shaded areas indicate the intertidal
zone. In these areas extended fields of macroalgae are exposed to ambient air during
low tide.
As already discussed in Chapter 2, precursors of RHS and molecular iodine
are emitted by macroalgae located in the intertidal areas along the coast.
Especially seaweed of the type laminaria digitata is known to have a very
high average iodine content of about 1% of its dry weight [e.g. Verhaeghe
et al. 2008; Ku¨pper et al. 2008]. If put under stress, for example by high
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levels of ozone or exposure to ultraviolet light, especially seaweed of the
type laminaria are known to emit molecular iodine and volatile short-lived
organo-iodines [e.g.Palmer et al. 2005; Carpenter et al. 2000]. Thus, for
the interpretation of the data it is useful to have seaweed maps of the areas
around the measurement sites.
Figure 5.4 shows the seaweed distribution for the area around the MRI,
Mace Head and the shores of Roundstone and Croaghnakeela Island, where
the retro reflectors were located during the Mace Head field studies in 2007
and 2006, respectively.
Figure 5.4: Seaweed distribution in the vicinity of Mace Head and the Martin
Ryan Institute: Most of the seaweed is of the type Laminaria. Adapted from [Con-
nemara Seaweed Survey 2001. Irish Seaweed Centre, NUIG Internal report 72 p
].
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While the light paths at the MRI mainly crossed seaweed of the type lam-
inaria saccharina and laminaria digitata, mainly laminaria hyperborea is
found in front of Mace Head and Roundstone. Laminaria hyperborea is a
deep water seaweed, that is only exposed to ambient air at times of very low
tidal heights or not at all.
5.4 Measurements at Mace Head
The field study at Mace Head took place between August 26th and Septem-
ber 8th. The LP-DOAS instrument was situated in a clean lab in the lower
cottages allowing measurements over Roundstone Bay. (A detailed descrip-
tion of the measurement site is given in Chapter 4). The measurements were
performed in the framework of a comparison campaign. A variety of instru-
ments from different groups was applied to measure RHS and halocarbons
in order to study the behavior of RHS and their precursors.
5.4.1 DOAS Light Path at Mace Head 2007
For the measurements in 2007 a different light path was chosen than in the
campaign in 2006. While in 2006, the light path of the Namblex Campaign
[e.g. Saiz-Lopez et al. 2004b; Saiz-Lopez and Plane 2004b] was used, in 2007
the chosen light path was the one used during the Parforce campaign [e.g.
Alicke et al. 1999b; Hebestreit 2001]. Figure 5.3 illustrates this light path. It
was 6805 m long, leading to a total absorption path of 13610 m. The height
of the light beam was about 5 m above the water at high tide. It first crossed
the intertidal area in front of Mace Head, then the sea and finally intertidal
area in front of Roundstone, where the retro reflector array (consisting of 76
single reflectors) was situated.
Active LP-DOAS measurements were performed using the mobile telescope
and an Acton 300 spectrometer (see Section 3.2.1). The instruments was
set up in the lower cottages about 50 m from the shore line at high tide.
Continuous LP-DOAS measurements were conducted, except for two mea-
surement gaps, when the visibility was too low (August 30th and September
4th). The results of the LP-DOAS measurements will be presented in the
following section and a discussion is given in Chapter 6.
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5.4.2 In-situ Measurements of RHS
During the field study other measurement techniques were applied for the
detection of RHS and precursor gases. The University of Leeds used laser-
induced fluorescence (LIF) to detect IO [Bale et al. 2008]. I2 was measured
by the University of Leicester using Broadband Cavity Enhanced Absorp-
tion Spectroscopy (BBCEAS, [Ball et al. 2004]). The latter technique was
also applied for the detection of IO by the University of Cambridge. The
University of York used a gas chromatography-mass spectrometer (GS-MS)
for the detection of halocarbons. A comparison of DOAS results with in-
situ results that were available on completion of this thesis can be found
in Chapter 6. The University of Mainz measured highly reactive halogen
species (namely Cl2, HOCl, Br2, BrCl, IBr, HOBr, ICl, HOI and I2) using a
technique based on in-situ derivatization in a diffusion denuder, followed by a
gas chromatography-mass spectrometry (GC-MS) determination [Huang and
Hoffmann 2008].
5.4.3 Results of active DOAS Measurements
Figure 5.5 shows the time series for the RHS BrO, IO, OIO, I2, NO2 and
ozone observed during the Mace Head 2007 campaign. In addition tidal
height and solar radiation are shown. The detection of the RHS BrO, IO
and I2 was possible. OIO could not unambiguously be identified. Although
the derived mixing ratios sometimes exceed the detection limit, the data
show a strong scattering towards negative values making evaluation difficult.
Since the absorption structure of OIO is very broad banded and therefore
not very distinctive, it can not be excluded that the observed mixing ratios
above the detection limit are an artefact and thus, the results are not reliable.
The problems with the analysis of the 550 nm wavelength range was already
described by Peters [2005]. The evaluation of BrO was carried out in the
framework of a Diploma thesis at the Institute of Environmental Physics at
the University of Heidelberg [Buxmann 2008]. The data shown here were
adapted from the respective thesis. For a detailed description of the BrO
results the reader is referred to Buxmann [2008].
An overview of the appearance and the maximal detected concentrations
during the 2007 Mace Head campaign is shown in Table 5.1.
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Figure 5.5: Time series of the RHS compounds, NO2 and ozone observed during
the campaign at Mace Head in August and September 2007.
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Species Av.D.L. Av.mix.ratio Max mix.ratio
BrO 1.4 ppt 1.8 ppt (5.9 ± 0.7) ppt
O3 9.4 ppb 32.1 ppb (66.8 ± 6.2) ppb
NO2 0.1 ppb 0.1 ppb (0.74 ± 0.1) ppb
IO 0.6 ppt 0.7 ppt (4.4 ± 0.6) ppt
OIO 3.5 ppt 0.7 ppt (10.1 ± 4.4) ppt
I2 13.6 ppt 4.3 ppt (94.4 ± 36.8) ppt
Table 5.1: Overview on the mixing ratios and detection limits of the evaluated
species from 2007 Mace Head campaign. The average of the detection limit (D.L.)
and the average and maximum mixing ratio (mix.ratio) for each species is given.
Results of the IO Analysis
IO could be identified above the detection limit, which was on average 0.6
ppt, each day of the campaign, with a maximum mixing ratio of (4.4 ±
0.6) ppt. Contrary to the results of Saiz-Lopez and Plane [2004b], no IO
was observed during the night. In agreement with previous studies at Mace
Head, IO peaks were observed correlating with low tide and solar radiation
[e.g. Alicke et al. 1999a; Hebestreit 2001; Saiz-Lopez and Plane 2004b]. The
maximum mixing ratio was observed on August 30, the day of spring tide, i.e.
when the tide range reached its maximum leading to very low water levels.
The general shape of the time series is well correlated with spring tide, with
maximum mixing ratios in each peak increasing the days before spring tide
and decreasing the days after. A detailed discussion of the results is given in
Chapter 6.
Figure 5.6 shows a sample for the spectral identification of IO at Mace Head.
The spectrum was recorded on August 30 during low tide at 12:50 GMT.
IO could clearly be identified with a mixing ratio of (3.9± 0.2) ppt averaged
over the whole light path.
Results of the I2 Analysis
The detection of I2 was possible during three nights. In contrast to Saiz-
Lopez and Plane [2004b] no I2 was observed during the day. The maximum
mixing ratio of (94.4 ± 36.8) ppt was observed at low tide in the night of
spring tide. Note that due to low visibility only one scan was taken causing
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Figure 5.6: Example of the spectral identification of IO during the campaign at
Mace Head in 2007. The spectrum was recorded on August 30 2007, 12:50 GMT.
The blue line indicates the fit result and the black line the sum of the fit result and
the residual. The corresponding mixing ratio of IO is (3.9± 0.2) ppt
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large errors. The results is discussed in detail in Chapter 6.
An example for the detection of I2 at Mace Head is shown in Figure 5.7. For
the corresponding spectrum 30 scans were taken during the night of spring
tide and at low tide, when the maximum amount of seaweed is exposed to
ambient air. The detected column density corresponds to a mixing ratio of
(82.3± 6.2) ppt.
5.5 Measurements at the Martin Ryan Insti-
tute
Simultaneously to the measurements at Mace Head a second field study was
conducted at the Martin Ryan Institute (MRI), which is located at Mween-
ish Island about 6 km south-east of Mace Head (see Figure 5.3). The MRI
is a fishery and aquacultural laboratory, which is also part of the National
University of Galway. Measurements were performed from August 5 until
September 7. The GTI telescope and an Acton 500 spectrometer (see Chap-
ter 3) were used for the LP-DOAS measurements. Additionally, two Mini-
MAX-DOAS instruments were deployed for the detection of RHS. Active
DOAS measurements were performed almost permanently, with some inter-
ruptions due to problems with the filter wheel of the lamp. The visibility was
good most of the days and hardly dropped below two kilometers, providing
ideal conditions for measurements. The Mini-MAX-DOAS devices measured
almost continuously from August 10 until September 8 during daylight.
5.5.1 Description of the Measurement Site
Aim of the study was to investigate the connection between reactive iodine
species and particle formation. The location was chosen, because the area of
Mweenish has a greater potential in terms of particle formation than Mace
Head [Sellegri et al. 2005]. The area is characterized by multiple source
regions in all wind directions except for the northerly sector.
Three light paths were set up (see Figure 5.3 and Figure 5.8). In the begin-
ning of the campaign a light path was set up on Gorumna Island in 9.5 km
distance. The incoming light on this light path was insufficient for measure-
ments most of the time. However, during one day IO could be detected. The
results are shown in Chapter 6. While another light path (1973 m, one-way)
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Figure 5.7: Example of the spectral identification of I2 during the campaign at
Mace Head in 2007. The spectrum was recorded on August 31 2007, 00:20 GMT.
The blue line indicates the fit result and the black line the sum of the fit result and
the residual. The corresponding mixing ratio of I2 is (82.3± 6.2) ppt
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was established in the beginning of the campaign, a second light path (517
m, one-way) was set up towards the end of the campaign allowing 9 days of
alternating measurements on two light paths. The goal of the establishment
of different light paths was to get an idea of the horizontal distribution of
RHS. The instruments were set up few meters from the water front at high
tide. All light paths crossed the atmosphere only few meters above sea level
at high tide. The 2 km light path first crossed the intertidal area in front
of the MRI, then the sea and intertidal area in front of Finish Island, before
being reflected back by a retro reflector array consisting of 39 single reflec-
tors. The 500 m light path crossed just intertidal area in front of the MRI,
and during times of low tide, all water below the light beam was completely
removed. The retro reflector array used on the short light path consisted
of 13 single reflectors. In order to allow comparison, all light paths were
established almost parallel.
The Mini-MAX-DOAS instruments were set up with a viewing direction
parallel to the LP-DOAS in about 50 m distance. Spectra were taken at an
elevation angle of 2◦, 4◦, 6◦, 10◦, 20◦ and 90◦.
5.5.2 In-situ Measurements of RHS and Particle Mea-
surements
A nano-SMPS unit and an air ion spectrometer [Vana et al. 2008] was
operated by the University of Galway for the measurement of the particle
size distribution. The University of Mainz applied the same denuder method
used at Mace Head (see above) for the detection of RHS.
5.5.3 Results of Active Long path DOAS Measure-
ments
The results of the MRI 2007 campaign measuring along the long light path are
illustrated in Figure 5.9. The time series of BrO, IO, OIO, I2, NO2 and ozone
are shown together with the corresponding solar radiation and tidal height.
The RHS BrO and IO could be identified above their respective detection
limits, while OIO and I2 could not be detected. The detection limit depends
linearly on the length of the absorption path (see section 3.3.4). Thus the
shorter light path increases the detection limit compared to the one at Mace
Head. Furthermore, due to the shorter absorption path the incoming light is
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Figure 5.8: The Gorumna Island light path at the Martin Ryan Institute. The
black arrows indicate LP-DOAS light paths. Shaded areas indicate the intertidal
zone. During measurements on the Gorumna Island light path the short light path
was not yet established.
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not as well mixed as for the measurements at Mace Head. This leads to larger
residuals in the process of the analysis, which is reflected in larger errors, and
therefore, a higher detection limit. Again, the BrO data were adapted from
Buxmann [2008] and for a more detailed presentation, the reader is referred
to the corresponding thesis.
IO was detected most of the days during low tide. An example for an IO fit
from the MRI was already given in Figure 3.17. The maximum mixing ratio
observed was (9.5 ± 0.8) ppt averaged over 4 km light path. Neither the IO
signal above the detection limit was observed during the night, nor the clear
correlation between spring tide and the IO signal like at Mace Head, was also
not observed. The discussion and interpretation of the results can be found
in Chapter 6.
Table 5.2 gives an overview of the resulting mixing ratios and detection limits
for the long light path.
Species Av.D.L. Av.mix.ratio Max mix.ratio
BrO 3.5 ppt 0.45 ppt (6.9 ± 1.7) ppt
O3 7.8 ppb 27.7 ppb (50.9 ± 20.2) ppb
NO2 0.2 ppb 0.2 ppb (2.4 ± 0.1) ppb
IO 2.2 ppt 0.3 ppt (9.5 ± 0.8) ppt
OIO 12.7 ppt -1.1 ppt < D.L.
I2 50.7 ppt -3.1 ppt < D.L.
Table 5.2: Overview of the mixing ratios and detection limits of the evaluated
species from 2007 Martin Ryan Institute campaign. The average of the detection
limit (Av.D.L.) and the average and maximum mixing ratio (mix.ratio) for each
species is given.
Short Light Path
The time series of BrO, IO, OIO, and I2 together with the data for tidal
height, solar radiation, wind speed and wind direction for the 9 days of
measurements on the short light path are illustrated in Figure 5.10. The
short light path led to a high detection limit compared to the detection
limits of the long light path or Mace Head, allowing only the detection of IO
on 6 of the 9 days of measurements, with a maximum mixing ratio of (31.7 ±
9.2) ppt. While BrO and OIO could not be clearly identified, there are some
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Figure 5.9: Time Series for the RHS compounds, NO2 and ozone measured
during the campaign at the Martin Ryan Institute in August and September 2007
along the long light path. Both, OIO and I2 could not be identified above their
respective detection limits.
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indications for the detection of I2 in the night from August 31st to September
1st. The derived mixing ratio is higher than zero within its errors, but in the
corresponding fit the distinctive structure of I2 is not visible which makes it
hard to judge the reliability of the results. A detailed discussion, including
sensitivity studies will be presented in Chapter 6.
An overview of the results of the short light path is given in Table 5.3.
Species Av.D.L. Av.mix.ratio Max mix.ratio
BrO 19.7 ppt 4.3 ppt < D.L.
IO 13.4 ppt -0.6 ppt (31.7 ± 9.2) ppt
OIO 76.2 ppt 1.9 ppt < D.L.
I2 299 ppt 47.3 ppt < D.L.
Table 5.3: Overview of the mixing ratios and detection limits of the evaluated
species from 2007 Martin Ryan Institute campaign measured on the short light
path. The average of the detection limit (Av.D.L.) and the average and maximum
mixing ratio (mix.ratio) for each species is given.
5.5.4 Results of Passive MAX-DOAS Measurements
OIO and I2 could not be detected with the MAX-DOAS instruments during
the 30 days of observation . While the analysis yielded periods where the dif-
ferential slant column densities (dSCDs) exceeded the detection limit, which
was on average 1.3×1014 molec/cm2 for OIO and 5.3×1014 molec/cm2 for I2
for an elevation angle of 2◦, the results did not withstand different sensitivity
studies, such as a change of wavelength range or the order of polynomial.
Similar problems for the detection of OIO and I2 with the Mini-MAX-DOAS
instruments were reported before [e.g. Stein 2006; Martin 2007].
Even though BrO mixing ratios of up to 6.6 ppt were found with the LP-
DOAS along the long light path, BrO could not be detected with the MAX-
DOAS instrument. This is probably due to the rather high detection limit,
which was on average 1.6 × 1014 molec/cm2 for an elevation angle of 6◦.
While the Ocean Optics 2000 are very small and handy instruments, their
detection limit is relatively poor. BrO measurements in the mid-latitudes
marine boundary layer with passive instruments are rare: BrO was detected
with MAX-DOAS instruments in the Northern Atlantic by Leser et al. [2003]
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Figure 5.10: Time series of the RHS compounds measured during the campaign
at the Martin Ryan Institute in August and September 2007 along the short light
path. Only IO could be identified above the detection limit.
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and Martin et al. [2008]. They report mixing ratios of (2.4± 2.17) ppt and
(10.2± 1.1) ppt, respectively.
IO exceeded the average detection limit of 2.7 × 1013 molec/cm2 on 28 out
of 30 days of measurements. The maximum dSCD observed was 1.14 ×
1014 molec/cm2 on August 29, 12:53 GMT at an elevation angle of 2◦. The
corresponding fit is illustrated in Figure 5.11.
The time series of the IO dSCDs of the 30 days of measurements is shown
in Figure 5.12- 5.14. Peaks in the IO concentration are were observed for
different conditions. Most of the days, peaks in the IO concentration were
observed, when low tide and a maximum in actinic flux coincide. For the
times of spring tide, when low tide is at midday, the IO observation seems to
be dominated by low tide. For example on August 29, when the maximum
dSCD was observed, the solar radiation was rather low with a maximum of
about 120 J/m2. The reason might be different seaweed sources. The biggest
emitters of I2 laminaria hyperborea and laminaria digitata are located in
deeper water and therefore only exposed to ambient air for periods of very
low water levels, providing an additional source of iodine precursors during
the days of spring tide. On August 30, increased IO concentrations are found
during low tide, when the actinic flux was rather low, while on September 7
the actinic flux was high and the peak in the IO concentration was observed
at high tide. However, on August 10 and August 11 the increase in the IO
concentration does not coincide with low tide and the actinic flux was low.
A detailed discussion of the results can be found in Chapter 6.
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Figure 5.11: Example for the spectral identification of IO with the passive DOAS
instruments during the campaign at the Martin Ryan Institute in 2007. The spec-
trum was recorded on August 29 2007, 12:53 GMT under an elevation angle of
2◦. The black line indicates the fit result and the red line the sum of the fit re-
sult and the residual. The corresponding differential slant column density of IO is
(1.151014 ± 9.821012) molec/cm2.
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Figure 5.12: Time Series of IO dSCDs measured with the passive DOAS instru-
ment between August 10 and August 19, 2007
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Figure 5.13: Time Series of IO dSCDs measured with the passive DOAS instru-
ment between August 20 and August 29, 2007
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Figure 5.14: Time Series of IO dSCDs measured with the passive DOAS instru-
ment between August 30 and September 8, 2007
Chapter 6
Discussion
In this chapter the results of the DOAS measurements of RHS presented in
Chapter 4 and Chapter 5 are discussed. Their trends in time, dependence
on meteorological data and tide are studied. The results are compared to
previous measurements of RHS at Mace Head and other measurements of
RHS in the marine boundary layer at mid-latitudes. For the Mace Head
results of IO, BrO and I2, a comparison with different in-situ techniques
is presented allowing conclusions about the horizontal distribution of both
species. At the MRI three different light paths were set-up along all of which
IO and was detected. A comparison of the obtained results is given. The IO
results of the active DOAS instrument are compared to the results gained
by passive DOAS measurements. The correlation of IO results with the
formation of nano-particles at the MRI is investigated. Finally a comparison
between the Mace Head results and the MRI results is given followed by a
short discussion of the results from the campaign in 2006.
6.1 Mace Head 2007
At Mace Head the RHS IO, I2 and BrO could be identified using an active
DOAS instrument. The interpretation and discussion of the obtained results
are the subject of this section.
For the interpretation of the data often the correlation of RHS with wind
direction and wind speed is studied to derive information about possible
sources. This is of special interest for the reactive iodine species, because
their source is mainly seaweed located in different intertidal areas around
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Figure 6.1: Relative frequency distribution of 1-hour average wind direction at
Mace Head. (Time interval: 1 hour).
the measurement sites. However, when studying the dependence of elevated
levels of RHS on wind direction, one has to account for the general frequency
distribution of the wind direction and wind speed during the measurement
campaign. Therefore, the frequency distribution of the wind direction and
wind speed is given for the campaigns at Mace Head and the MRI. This is
illustrated in Figure 6.1 for the Mace Head campaign. It can be seen that the
dominating wind direction was west, especially for high wind speeds. This
means that most of the air masses reached Mace Head from the open ocean
and that continental influence can be excluded for most of the data. This
is well reflected in the NO2 data (see Chapter 5) with average NO2 mixing
ratios of 0.1 ppb.
Halocarbons at Mace Head 2007
During the Mace Head campaign in 2007 the University of York performed
measurements of halocarbons using a relaxed eddy accumulation (REA)-
GC/MS system for the determination of halocarbon fluxes [Hornsby and
Carpenter 2009]. There was one day of overlap between the measurements
of the University of York and the DOAS measurements on August 30. That
day an increase in the halocarbons was observed in the late afternoon. The
results are shown in Figure 6.2. However, since the observed halocarbons
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Figure 6.2: Halocarbons at Mace Head. Shown are time series for CH2ClI
(blue triangles), CH2IBr (orange stars), CH2Br2 (green dots) , CHBr2Cl (cyan
triangles). Data adapted from Hornsby and Carpenter [2009].
mixing ratios are rather low, no correlation between the data and the DOAS
results can be found.
6.1.1 Discussion of IO Results
Observation of IO in the mid-latitudes marine boundary layer are reported
from various locations (see Table 2.1 in Chapter 2). IO using the DOAS
technique was observed at Mace Head during previous field measurements.
Alicke et al. [1999a] report mixing ratios up to 6 ppt and Hebestreit [2001] and
Saiz-Lopez et al. [2006] observed up to 7 ppt IO. While for all observations
a correlation of IO peaks with low tide and solar radiation was found, only
Saiz-Lopez et al. [2006] found elevated IO mixing ratios of up to 3 ppt during
two nights of their campaign (see Section 2.2.1). Peters et al. [2005] report
the observation of IO peaks from the German North Sea and Brittany with
mixing ratios up to 2 ppt and 8 ppt, respectively. They did not observe
elevated IO levels during the night. Stutz et al. [2007] observed IO only
during daytime with mixing ratios of up to 4 ppt using active and passive
DOAS in the Gulf of Maine. This is the only study so far, in which no tidal
signature was observed in the IO results.
Recently, two in-situ techniques were applied for the detection of IO in
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Roscoff at the French North-West Coast in the framework of the RHaMBLe
project: Wada et al. [2007] used an open path cavity ring-down spectrom-
eter to measure up to 54 ppt of IO correlated to low tide. Their data show
comparable trends with time to the IO measurements of the laser-induced
fluorescence (LIF) instrument [Whalley et al. 2007] deployed during the same
campaign. Whalley et al. [2007] detected up to 28 ppt of IO during daytime
and low tide and up to 2 ppt during one night.
Figure 6.3 shows the time series of the IO observations at Mace Head in
summer 2007: Peaks of IO were observed during low tide and daytime, while
during the night the signal remained below the detection limit, which was 0.6
ppt on average. We therefore cannot confirm the observation of IO during
the night [Saiz-Lopez et al. 2006]. However, we observed a strong correlation
to solar radiation and low tide as described in previous studies [Alicke et al.
1999a, Hebestreit 2001, Saiz-Lopez et al. 2006]. The difference in tidal range
is reflected in the IO mixing ratios. On August 30, the day of spring tide,
the maximum IO signal of about 4.5 ppt was observed, while the peak height
was increasing the days before and decreasing the days after spring tide. The
reason is probably that more seaweed is exposed and therefore more iodine
precursors (mainly I2) are emitted for lower water levels. Since Hebestreit
[2001] found the highest IO signal for south-easterly wind, also the correlation
of the IO signal with wind direction was investigated. The results and the
correlation of IO with wind speed are shown in Figure 6.4. While the data
seem to indicate that most of the IO signal was observed during westerly
winds (only data above the detection limit are shown), one has to keep in
mind, that the wind direction was westerly most of the time (see Figure 6.1).
Since the results of the MRI (see below) indicate a very short lifetime of IO,
most of the signal probably originates in the intertidal area directly below
the light path. The highest IO signal were observed for wind speeds above 7
m/s, when a sudden increase is observed. A reason might be, that for higher
wind speeds more turbulence occurs, transporting IO from sources below into
the light path. Figure 6.5 shows the correlation of the observed IO mixing
ratios with tidal height. A clear anti-correlation was observed, particulary
for water levels below 0.5 m , which is in good agreement with the theory of
seaweed exposed to ambient air as being the major source.
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Figure 6.3: Time series for IO at Mace Head during August and September 2007.
The blue line indicates the tidal height and grey shaded areas indicate periods of
darkness (SZA ≥ 90◦). The minimum in tidal height coincides with maxima of
solar flux. The strongest peak of IO is observed at the day of spring tide (August
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Figure 6.4: Correlation plots of IO with wind direction (left) and wind speed
(right) at Mace Head.(Time interval: 1 hour, only IO data above the average
detection limit are shown.)
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Figure 6.5: Correlation plot of IO with tidal height at Mace Head. The data
show higher IO mixing ratios only for lower water levels. (Only IO data above
average detection limit are shown, time interval approximately 10 minutes.).
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Comparison of IO LP-DOAS Results with IO in-situ Measurements
During the campaign, the group of Dwayne Heard, University of Leeds, oper-
ated a laser induced fluorescence (LIF) instrument [Whalley et al. 2007], an
in-situ technique, for the detection of IO. During three days IO was observed
simultaneously with the DOAS and the LIF instrument. The IO time series
of both instruments for these three days are shown in Figure 6.7. The trends
in time correlate strikingly well, but the IO mixing ratio observed with the
LIF is up to 10 times higher than the respective mixing ratio observed with
the DOAS instrument (note that the DOAS mixing ratios in Figure 6.7 are
multiplied with a factor of 5). This supports the theory of an inhomogeneous
distribution of IO in so-called ’hot-spots’ [Burkholder et al. 2004]. The LIF
instrument was located several 10 meters from the intertidal area, whereas
the DOAS technique always yields an average along the entire light path.
Also interesting is the fact, that multiplying the DOAS mixing ratios with
a factor of 5 is not sufficient to make up the difference in IO mixing ratios
between the two techniques for August 28 and 29 (with better agreement on
August 29), but is sufficient on August 30. Again, the reason for this is prob-
ably the lower water level on August 30. While the seaweed in front of Mace
Head is exposed during all three days, probably deep water seaweed along
the DOAS light path only exposed during the days of spring tide (August
30 and August 31) provides an additional source of iodine precursors only
detected with the DOAS instrument.
Figure 6.6 shows the dependence of the IO signal on tidal height observed
using LIF and DOAS . On the left hand side, the plain mixing ratios are
shown, whereas on the right hand side the ratio between the LIF signal and
the DOAS signal is shown: It can be seen that for water levels between
1 and 0.5 m, the LIF detects up to 10 times higher mixing ratios. Below
a certain water level in front of Mace Head seaweed of the type laminaria
digitata is exposed. Bale et al. [2008] measured I2 emissions of laminaria
digitata, harvested in front of Mace Head. (I2 is probably the major precursor
of IO [Saiz-Lopez et al. 2006].) They flowed synthetic air through a large
2 l Pyrex flask and into a calibration tube at a rate of 10 slm. After the
background signal had been recorded, 50 g of the wet seaweed sample was
added to the Pyrex vessel. They did not additionally stress the seaweed by
exposing it to ozone and the actinic flux was moderate as the experiment
was conducted indoors. The seaweed was kept in sea water until tested
within 30 minutes after harvesting. However, they observed I2 mixing ratios
98 6. Discussion
of up to 300 ppb. Palmer et al. [2005] suggest that the emission of I2 by
laminaria digitata is increased under oxidative stress. Therefore, Bale et al.
[2008] conclude that the emissions under atmospheric conditions could be
significantly higher than 300 ppb. If that is the case, this could explain
the increase of the LIF signal for a certain water level: while the DOAS
signal is an average of different intertidal areas along the light path, the LIF
only probes the intertidal area in front of Mace Head and is therefore more
sensitive to changes in the IO concentration in front of Mace Head. However
for water levels below 0.5 m, the ratio decreases abruptly and the LIF only
detects between twice and 5 times as much as the DOAS. This is probably due
to the fact that only for such water levels, the deep water seaweed laminaria
hyperborea is exposed, which is found in front of Mace Head, but especially
on the coast in front of Roundstone, where the reflector was placed and
the two islands situated along the light path. This is illustrated in Figure
6.8. Peters et al. [2005] already state, that the biggest emitters of iodine
precursors probably inhabit the lowest part of the intertidal zone, which
would be in good agreement with our findings: Until a certain water level
the LIF instrument detects more than the DOAS, because more seaweed in
the intertidal area at Mace Head is exposed. Below 0.5 m the laminaria
hyperborea are exposed. Since they are located along the DOAS light path,
they then partly make up the differences between the in-situ and the DOAS
technique. This explanation is also in good agreement with the observations
of I2 only for very low tide (see below and [Peters et al. 2005]). Bale et al.
[2008] developed an instrument for the detection of atmospheric iodine species
by resonance fluorescence. They report measurements of ambient iodine
atoms, total photolabile iodine loading and I2 from August 2007 at Mace
Head. On August 29, they measured up to 22 ppt of iodine atoms during
daytime and low tide. The same day, IO mixing ratios of 3.5 ppt were
observed with the DOAS instrument and the LIF instrument detected IO
mixing ratios of up to 22 ppt. All three instruments observed a peak at
12:00 GMT and the correlation in the absolute numbers of the iodine atoms
and the IO, show that the ratio between I atoms and IO was about 1. Figure
6.9 shows the correlation plot for IO mixing ratios detected with DOAS and
LIF. A clear correlation is found. However, the data show a scattering. For
example, for LIF mixing ratios of about 22 ppt, DOAS mixing ratios of about
2 ppt and 4.5 ppt are found. The reason for this is that the data were taken
at different days. The ratio between LIF and DOAS mixing ratios decreased
with the coming spring tide, as seaweed only exposed for exceptionally low
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Figure 6.6: Left hand side: Correlation for IO mixing ratios (red dots: DOAS,
black squares: LIF) with tidal height at Mace Head. Right hand side: Ratio be-
tween LIF and DOAS mixing ratio versus tidal height. LIF data provided by R.
Commane, University of Leeds. (Time interval: 10 minutes, only IO data above
average detection limit are shown.)
water levels partly makes up the difference between DOAS and the in-situ
technique. This was already discussed above and is ilustrated in Figure 6.7.
6.1.2 Discussion of I2 and OIO Results
This section will deal with the I2 and OIO results of the Mace Head campaign
in 2007. While OIO could not unambiguously be identified, I2 was observed
during three nights. DOAS observations of I2 in the mid-latitudes marine
boundary layer have so far been reported from Mace Head [Saiz-Lopez and
Plane 2004b; Peters et al. 2005] and Brittany [Peters et al. 2005]. Saiz-
Lopez and Plane [2004b] report up to 93 ppt during low tide and nighttime
and up to 25 ppt during the day. The higher mixing ratios during the night
are due to the short photolytic lifetime of I2, which is on the order of 5-10
seconds. They also observed up to 25 ppt during high tide and westerly
winds indicating an open ocean source. I2 was also observed at Mace Head
using a cavity ring down spectrometer and a denuder technique, with mixing
ratios up to 94 ppt and 115 ppt, respectively [Saiz-Lopez et al. 2006].
Figure 6.10 shows the time series of I2 measured with the DOAS instrument.
I2 peaks were observed correlating with low tide during three nights from
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Figure 6.7: Three days of simultaneous IO measurements with DOAS and LIF
technique at Mace Head. LIF data are 10 minutes average. Data from the LIF
instrument (green squares) are generally higher than results from the DOAS instru-
ment (black triangles). Note that DOAS mixing ratios are multiplied by a factor
of 5. LIF Data provided by R. Commane, University of Leeds.
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Figure 6.8: Sketch of Mace Head Light Path and Seaweed Distribution. The
blue lines indicate different water levels.

















Figure 6.9: Correlation Plot of IO mixing ratio with LIF and DOAS. LIF Data
provided by R. Commane, University of Leeds. (Time interval: 10 minutes. Only
IO data above the average detection limit are shown.)
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August 28 until September 1. The highest mixing ratio of 94 ppt was observed
during the night of spring tide. This is in very good agreement with the
studies of Peters et al. [2005] who observed up to 61 ppt of I2 at Mace Head
only during spring tide. The explanation for this is probably that only during
times of very low tide certain algae are exposed to ambient air, providing an
additional I2 source. The data do not confirm the observation of I2 during
daytime or high tide as it was reported by Saiz-Lopez and Plane [2004b],
although the dominant wind direction was west. We also investigated the
dependence of the I2 signal on tidal height and the result is shown in Figure
6.11. A very strong anti-correlation was observed for water levels below 0.5
m. The plot differs from the correlation plots of I2 with tidal height reported
by Saiz-Lopez et al. [2006] and Bale et al. [2008], who did not find such a
strong anti-correlation below a certain water level, but an anti-correlation
covering the entire tidal range. The reason for this discrepancy is probably
that Bale et al. [2008] measured in-situ in the intertidal area in front of Mace
Head and Saiz-Lopez et al. [2006] used a light path crossing the sea in front
of Mace Head in westerly direction to Croaghnakeela Island. Probably not
that much laminaria hyperborea are located along this light path, why their
data are dominated by the intertidal area in front of Mace Head. We feel
that our results support the theory of a laminaria hyperborea exposed only
for very low tides as strong source of iodine precursors.
Comparison with I2 in-situ techniques
Two different in-situ measurements were applied for the detection of I2 dur-
ing the campaign at Mace Head 2007: The University of Leicester used
Broadband Cavity Enhanced Absorption Spectroscopy (BBCEAS, [Ball et al.
2004]) to measure I2 and the University of Mainz a denuder technique to de-
tect I2 (see section 5.4.2). The results of their measurements are also shown
in Figure 6.10. The peaks observed with the BBCEAS correlate well in time
with the peaks observed with the DOAS instrument. Because of the aver-
aging along the light path, the DOAS instrument yields up to an order of
magnitude lower mixing ratios than the BBCEAS, which was located sev-
eral ten meters away from the intertidal area in front of Mace Head. Again,
this supports the theory of an inhomogenous source of reactive iodine species
distribution along the DOAS light path. The denuder measurements during
the night of August 30 to August 31 yield about the same mixing ratio as
observed with the DOAS instrument. One has to keep in mind that the
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Figure 6.10: Time series for I2 at Mace Head. The blue line indicates the
tidal height and grey shaded areas indicate periods of darkness (SZA ≥ 90◦). I2
was observed during three nights. The strongest peak was observed in the night
of spring tide. The green dots represent the I2 mixing ratios measured with the
denuder technique, the red stars the peaks observed with the BBCEAS. Denuder
data provided by R.-J. Huang, University of Mainz, BBCEAS data provided by Dr.
S. Ball, University of Leicester.
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Figure 6.11: Correlation plot for I2 and tidal height at Mace Head. A clear
anti-correlation was found for tidal heights below 0.5 m. (Only I2 data above
average detection limit are shown, time interval approximately 10 minutes.)
denuder samples give a two hour average, thus during the times of low tide
there are probably much higher concentrations, which is supported by the
BBCEAS data. During daytime the denuder observed about 20 ppt of I2.
Although this is above the detection limit of the DOAS instrument of 14
ppt on average, we did not observe I2 during the day. An explanation for
this might be, that the I2 distribution is even less homogenous during the
day due to its short photolytic lifetime. Figure 6.12 shows the correlation
of I2 measured with the denuder and the DOAS instrument. The observed
mixing ratios correlate strikingly well, with the in-situ technique generally
measuring higher signals.
OIO was not observed unambiguously during the campaign at Mace Head
in 2007. While Hebestreit [2001] and Saiz-Lopez et al. [2006] report mixing
ratios of up to 7 ppt and 11 ppt, respectively, we did not observe OIO mixing
ratios above our detection limit which was on average 3.5 ppt. The prob-
lems when analyzing the 550 nm wavelength range were already discussed in
Chapter 5 and by Peters [2005].
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Figure 6.12: Correlation for I2 measurements with in-situ denuder technique
and DOAS. Due to the averaging along the light path the DOAS technique yields
smaller mixing ratios. Denuder data provided by R.-J. Huang, University of Mainz,
pers.comm..
6.1.3 Discussion of BrO Results
The analysis of BrO was carried out in the framework of a diploma thesis
[Buxmann 2008]. The data were already discussed in the respective thesis
and therefore only a short discussion of the results is given here. Figure 6.13
shows the time series of BrO measured during the Mae Head campaign in
2007. Mixing ratios of up to 6 ppt were detected. Surprisingly, the highest
levels of BrO were observed at night. As all so far known BrO precursors are
photolabile, there is no explanation for an increase of BrO during the night.
However, between September 5 and September 9 high mixing ratios were also
observed during the day. Saiz-Lopez et al. [2004a] observed up to 6.5 ppt of
BrO at Mace Head, but only during the day. They found peaks of the BrO
concentration shortly after dawn, in their interpretation most likely a result of
the photolysis of inorganic and organic bromine-containing compounds that
built up during the night. While we sometimes observed an increase in the
morning, during some of the days, midday peaks were also observed. Model
studies by von Glasow et al. [2002] predict morning and evening peaks of (2.5
- 4) ppt BrO and a dip at noon with about 1.5 ppt for low NOx regimes. For
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Figure 6.13: Time series of BrO at Mace Head. Grey shaded areas indicate
periods of darkness (SZA ≥ 90◦). High BrO mixing ratios were observed during
the night from August 3rd to August 4th. BrO data adapted from Buxmann [2008].
higher NOx, values the reaction of BrO with NO2 becomes the main sink and
the midday dip vanishes. Considering that we had low NO2 mixing ratios
all the time, the reaction with NOx does not explain the variation in the
observed diurnal cycles. Saiz-Lopez et al. [2004a] observed an increase of the
BrO mixing ratio correlated to an increase in wind speed and speculate that
wind-driven production of sea-salt aerosol might be an explanation for this.
Figure 6.14 shows the correlation of BrO with wind speed and wind direction.
Contrary to the findings of Saiz-Lopez et al. [2004a], the highest mixing ratios
were detected for low wind speeds. Surprisingly, the highest mixing ratio was
observed when the wind was blowing from the South-East, an area where a
lot of kelp beds are located. However, studies of the dependence of BrO
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Figure 6.14: Left hand side: Correlation plot BrO with Wind Direction at Mace
Head. Right hand side: Correlation plot BrO with Wind Speed. BrO data adapted
from Buxmann [2008]. (Time interval: 1 hour, only BrO data above the average
detection limit are shown.)
appearance on tidal height and IO concentrations (not shown) did not show
any correlation, that would indicate that the BrO mixing ratios are somehow
related to enhanced IO mixing ratios or emissions from exposed seaweed.
6.2 Martin Ryan Institute 2007
The RHS IO and BrO could be detected during the campaign at the MRI in
August and September 2007. While both trace gases could be measured with
the active DOAS instrument, IO was the only RHS that could unambiguously
identified with the passive DOAS instruments. The obtained time series
were subject of Chapter 5. The discussion and interpretation of the obtained
results is given in this section.
Figure 6.15 shows the frequency distribution of wind speed and wind direction
during the campaign at the MRI. Most of the time the air masses reached
the MRI from westerly directions. This is in good ageement with the low
NO2 levels of 0.2 ppb on average, since polluted air is mainly observed for
easterly air masses, which travelled over land before reaching the Irish West
Coast.
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Figure 6.15: Relative frequency distribution of 1-hour average wind direction
for the Martin Ryan Institute. (Time interval: 1 hour.)
6.2.1 Discussion of IO Results
As described in Chapter 5 one 2 km light path was set up during the whole
campaign. This light path crossed the intertidal area in front of the MRI,
the sea and intertidal area in front of Finish Island, where the retro-reflector
array was placed. Figure 6.16 shows the time series of IO measured along
this light path. While most of the days a peak in the IO mixing ratio is
observed, a correlation to spring tide, with higher mixing ratios in times of
very low water levels was not observed at the MRI. For example relatively
high mixing ratios of IO were observed around August 23, the time of nip
tide, when the tidal range reaches its minimum. It seems that the measured
IO concentrations depend more on wind speed than on the water level. Figure
6.17 shows the correlation of the IO mixing ratio with wind direction and
wind speed. Most of the time IO was observed for westerly winds, which
is probably not due to sources located in the west, but because west was
the major wind direction during the campaign (see Figure 6.15). The data
show a correlation for increased IO mixing ratios to high wind speeds. This
was also observed in the Mace Head data (see above). While at Mace Head
the signal suddenly increased for wind speeds above 7 m/s, at the MRI a
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Figure 6.16: Time series of IO concentrations at the Martin Ryan Institute.
The blue line indicates the tidal height. Peaks of IO coincide with low tide. The






























 IO Mixing Ratio [ppt]









IO Mixing Ratio [ppt]
Wind Speed [m/s]
Figure 6.17: Left hand side: Correlation Plot IO with Wind Direction at the
Martin Ryan Institute. Right hand side: Correlation Plot IO with Wind Speed.
(Time interval: 1 hour, only IO data above the average detection limit are shown.)
correlation between higher wind speeds and higher IO mixing ratios is found
starting for low wind speeds already. The reason for this might be, that
the light path is crossing the intertidal area only about 2 m above the sea
at high tide (about 5 m at Mace Head). If the IO signal is increased for
higher wind speeds due to more turbulence as we speculated for the Mace
Head data, maybe already lower wind speeds are sufficient to increase the
observed signal via uplifting of IO into the light path by turbulence.
The correlation of IO with tidal height is shown in Figure 6.18. Contrary
to the results at Mace Head, no strong anti-correlation is found. For a tidal
height below 2.5 m IO mixing ratios up to 9.5 ppt are observed, not much
increasing with lower water levels. The explanation of this lies in the local
conditions: The intertidal area in front of the MRI is very flat, so that
already for relatively high water levels, most of the seaweed is exposed to
ambient air. Since the intertidal area in front of the MRI is the major source
of iodine precursors, lower water levels do not result in even higher mixing
ratios observed with the DOAS instrument.
No IO was observed during the night, which is in good agreement with our
measurements at Mace Head, but contrary to the results of Saiz-Lopez et al.
[2006], who observed up to 2 ppt night time IO at Mace Head.
Short Light Path
For 9 days during the campaign a shorter light path (500 m, one-way) was
established (see Figure 5.3 in Chapter 5) on which only IO could be detected.
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Figure 6.18: Correlation plot for IO and tidal height at the Martin Ryan In-
stitute. The data show a anti-correlation less strong than observed at Mace Head.
(Only IO data above average detection limit are shown, time interval approximately
10 minutes.)
However, as the long and the short light path were set up almost parallel,
a comparison of the obtained results allows to derive information about the
horizontal distribution of IO. This is of special interest, since the so far with
DOAS detected IO mixing ratios are too low to explain the observed particle
formation. Burkholder et al. [2004] suggest the appearance of IO in so-called
’hot-spots’, which could not be retrieved by the DOAS measurements so far.
We tried to overcome this problem by setting up a light path that exclusively
crossed intertidal area. Furthermore, by measuring alternatingly on the short
and the long light path we wanted to study how much IO signal would be
added by the additional 1.5 km on the long light path, as both two light
paths nearly crossed the same intertidal area in front of the MRI twice. The
longer light path crossed a slightly shorter part of the intertidal area in front
of the MRI, since the light paths could not be set up completely parallel.
The long light path additionally crossed Mweenish Bay and intertidal area
in front of Finish Island, before it was reflected back. Figure 6.19 shows the
seaweed distribution in the area around the MRI, the LP-DOAS light paths
and the viewing direction of the MAX-DOAS instrument.
Figure 6.20 shows the time series of IO on both light paths (grey triangles:
long light path, magenta squares: short light path). The blue line indicates
tidal height and the grey shaded areas mark the periods of darkness. The
peaks in IO are correlated to minima in tidal height and maxima in solar
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Figure 6.19: Measurement site at the Martin Ryan Institute, the light paths of
the active long path DOAS are indicated in black arrows, the grey arrow indicates
the viewing direction of the MAX-DOAS instruments. Reproduced by permission of
the Controller of Her Majestys Stationery Office and the UK Hydrographic Office
(www.ukho.gov.uk).
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radiation. The column densities on the long light path are about the same
as on the short one with some discrepancies. This is a strong indication that
the signal comes almost exclusively from the intertidal area. Converting the
maximum IO column density (8.2× 1013 ± 2.4 molec/cm2) of the short light
path into mixing ratio, with 1034 m path length and homogenous mixing,
yields 31.7 ± 9.3 ppt. This is in good agreement with not only the in-situ
measurements carried out with the LIF instrument at Mace Head (Section
6.1.1) and in-situ measurements at Roscoff [Wada et al. 2007; Whalley et al.
2007], but also with the modelling studies of Burkholder et al. [2004]. The
latter state that 50 to 100 ppt of IO are needed to explain nucleation events
with particle concentration of 106 cm−3 as they have been observed on each
of the 5 days shown (T. Neary, University of Galway, pers. communication).
The reason that our IO signal is still below the necessary 50 - 100 ppt that are
needed might be the vertical gradient we see in the MAX-DOAS data. As our
light path crosses the seaweed at several meters height, the concentrations
further down are probably significantly higher.
We also feel that we can explain the slight differences in the column densities.
While during August 30 the column densities are about the same, the column
density of the short light path exceeds the column density of the long light
path by about 50 % on September 1 and almost 100 % on September 3. This
is not due to a change in wind direction (same wind direction on August
30 and September 3), but because of the slightly different light paths and
because of different sources: The short light path crosses less intertidal area
in front of the MRI, but then intertidal area in front of Finish Island. Figure
5.4 in Chapter 5 shows that in front of the MRI mainly laminaria saccharina
is found, while in front of Finish Island, mainly seaweed of the type laminaria
digitata is located. This is illustrated in Figure 6.21. Laminaria digitata is a
stronger emitter of I2 than laminaria saccharina, but most of this algae are
just exposed for very low water levels. During spring tide (August 30 and
August 31) they probably make up the difference in column densities due
to the shorter fraction of intertidal area at the MRI for the long light path,
whereas the following days their IO input decreases.
The average wind speed during the 5 presented days was relatively constant
with an average of 6 m/s. For wind coming from the west, as for example
on August 30, the next seaweed beds in wind direction are located in the
intertidal area of Mweenish Island in about 1.5 km distance (see Figure 6.19).
Since the first 500 m of the two light paths are almost the same and no higher
IO signal is measured along the longer light path, the IO signal of Mweenish
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Figure 6.20: Time series of IO on both LP-DOAS light paths. The blue line
indicates the tidal height and grey shaded areas mark periods of darkness. Blue
triangles correspond to the IO column densities seen over the long light path, red
squares to the short light path. In the upper panels, solar radiation and wind
direction are shown. The peaks in IO coincide with minima in tidal height and
maxima in solar radiation. The column densities are comparable. Differences are
not because of different wind directions, but due to different sources and slightly
different light paths.
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Figure 6.21: Sketch of Martin Ryan Institute Light Path and Seaweed Distri-
bution. The blue lines indicate different water levels.
Island probably does not contribute significantly to our measurements on the
long light path. Assuming a distance of 1.5 km, an average wind speed of
7 m/s for August 30 and neglecting vertical transport, a rough estimate for
the upper limit of the lifetime of IO under the given atmospheric conditions
of about 200 s can be derived.
Figure 6.22 shows the correlation plot of the IO mixing ratio measured on the
long and the short light path and the correlation of the IO column densities
measured on the short light path with tidal height. Only data points above
the average detection limit of 13 ppt are shown. The shorter light path shows
slightly higher column densities, which is probably due to the fact that the
first 500 m were not exactly the same, with the long light path crossing a
bit less of intertidal area in front of the MRI (see Figure 6.19). A clear
anti-correlation of the observed IO mixing ratios on the short light path with
tidal height was not observed. In fact, almost constant mixing ratios were
measured for a water level below 2.5 m. We already observed this for the long
light path (see Figure 6.18). This is another indication that the intertidal
area in front of the MRI, which is exposed to ambient air already before the
lowest water levels, is the major source of iodine precursors for both light
paths.
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Figure 6.22: Upper panel: Correlation plot of IO column density measured on
the long and the short light path. Lower panel: Correlation plot IO measured on
the short light path with tidal height. (Only IO data above the average detection
limit are shown.)
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Figure 6.23: Comparison of IO column density measured on long and the Go-
rumna Island light path. The temporal variation is the same. The Gorumna Island
light path shows about a factor of 3 higher column densities.
Gorumna Island Light Path
In the beginning of the campaign a third light path was established with a
total length of 19 km. This light path is illustrated in Figure 5.8 in Chapter
5. It crossed Mweenish Bay and Kilkieran Bay. The reflector was placed on
Gorumna Island. Due to the length of the light path, not enough light was
reflected back, so most of the time no measurements were possible. With
the start of the second campaign, the reflector had to be removed as it
was needed for the measurements at Mace Head. However, during one day,
namely August 23, IO could be detected on this light path and the light path
to Finish Island. The results are shown in Figure 6.23. With decreasing tidal
heights, an increase in the IO column densities was observed on both light
paths. The trends with time correlate well on both light paths. On the
longer light path, column densities are about a factor of 3 higher than on
the shorter light path. Since the longer light path was almost a factor of 5
longer than the short light path, this is another indication for the horizontally
inhomogenous distribution of IO.
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IO results from passive DOAS instruments
The time series of IO measured with the passive DOAS instruments is subject
of Chapter 5. In this section, the results are discussed and compared to the
measurements with the active DOAS instrument.
The time series of the IO measurements with the passive DOAS instruments
(see Figures 5.12- 5.14 in Chapter 5), most of the time show a separation
between the different elevation angles. While under an elevation angle of 2◦
the observed dSCDs are very strong, especially around low tide, they decrease
rapidly for higher elevation angles. For 4◦ some days less than half the signal
is seen. This indicates a vertical gradient in the IO concentration. The
splitting up of the dSCDs of different elevation angles was observed on 24 of
30 days of measurement. An example for that is shown in Figure 6.24. A clear
separation between the SCDs of the different elevation angles can be seen,
correlated to low tide and solar radiation. The temporal behavior of the 2◦
and the 4◦ elevation angle match particulary well. These observations differ
from the observation of Stutz et al. [2007], who did not observe a separation
of the dSCDs for different elevation angles. They suppose that this might
be, because the just probed one plume of IO. The next source of IO in the
viewing direction of our Mini-MAX-DOAS instruments, was the intertidal
of Finish Island (see Figure 6.19) in about 2 km distance. At that distance
the Mini-MAX-DOAS instrument already probes air in about 70 m height.
Given the short lifetime of IO under the atmospheric conditions during our
observations, probably most of our IO signal originates in the intertidal area
in front of the MRI. However, we see a clear separation between the different
elevation angles. A reason, why this was not observed by Stutz et al. [2007]
might be that their instrument was located about 20 m above sea level,
so maybe they did not see the strong gradient at the surface. Figure 6.25
shows the dependence of the observed IO dSCDs on wind direction and wind
speed for the 2◦ elevation angle. IO was observed for all wind directions,
that occurred during the campaign. The fact that the highest dSCDs are
observed for westerly winds is most likely not due to sources located in the
west, but because the wind was blowing from west most of the time. High
dSCDSs were also observed with wind blowing from the south-east, where
the next source region is the intertidal area in front of Finish Island in about
2 km distance. Only a slight correlation of the IO dSCDs with wind speed
is observed for the passive DOAS results. The correlation between the IO
dSCDs with tidal height is shown in Figure 6.26. The constant increase in IO
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Figure 6.24: Diurnal variation of the IO dSCD observed with the passive DOAS
instrument on August 16, 2007. A clear separation between the different elevation
angles can be seen, indicating a strong vertical gradient of the IO concentration.
The IO peak correlates with low tide and solar radiation. For simplicity, only one
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Figure 6.25: Left: Correlation plot IO dSCD with wind direction at the Martin
Ryan Institute. Right: Correlation plot IO dSCD for the 2◦ elevation angle with
wind speed. (Only IO data above average detection limit are shown. Time interval
approximately 1 hour.)
signal for tidal heights below about 2.5 m, as it was observed with the active
instrument, can be seen in the passive data, too. Contrary to the active
data, rather high dSCDs are observed for water levels below 1 m. Figure
6.27 shows the correlation plots for IO dSCDs with the column densities
on both LP-DOAS light paths. Despite several outliers, the data correlate
quite well. In general it seems that the passive instrument measures higher
columns although it probes the intertidal area in front of the MRI just once.
In Figure 6.28 a comparison between the active and the passive DOAS results
for the 5 days when IO was detected on the short light path is given. The
trends in time correlated well for all three measurements. Although the line
of sight of the passive instrument only crosses the intertidal area in front of
the MRI once, the observed IO dSCDs exceed the column densities measured
with the active instrument. One reason for that, might be back scattering of
light from the ground, where the seaweed is located and therefore probably
very high mixing ratios of IO. Another reason might be that the passive
instrument can have a visibility of several kilometers length, which means it
also might detect uplifted IO plumes further away.
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Figure 6.26: Correlation plot for IO dSCDs and tidal height at the Martin Ryan
Institute. (Only IO data above average detection limit are shown. Time interval
approximately 1 hour.)
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Figure 6.27: Upper Panel: Correlation plot IO dSCDs with IO column density
on the long light path. Lower Panel: Correlation plot IO dSCD with IO column
density on the short light path. (Only IO data above average detection limit are
shown. Time interval approximately 1 hour.)
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Figure 6.28: Time Series for IO dSCD and IO column densities measured along
both light paths.
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6.2.2 Discussion of BrO Results
This section deals with the BrO results measured at the MRI. As already
mentioned, the analysis was conducted in the framework of a diploma thesis
[Buxmann 2008] and therefore the results are only briefly discussed here.
Figure 6.29 shows the time series of BrO measured at the MRI. The BrO
signal exceeded the detection limit on 4 days. On September 1, a midday
peak was observed, while on August 14 a peak in the morning was observed
followed by a decrease over the day. The reaction of BrO with NO2 might be
a reason for this, since relatively high NO2 levels of 0.6 ppb were observed
that day. The reaction with NO2 is a major sink of BrO. On August 8
and August 9, only measurements in the evening were performed due to
problems with the instrument. Thus, no information of the diurnal cycle
can be derived. For a more detailed discussion the reader is referred to the
thesis of Buxmann [2008]. Figure 6.30 shows the comparison of the observed
BrO mixing ratios with wind direction and wind speed. Interpreting the
comparison of the observed signal with wind speed, again, one has to keep
in mind that the major wind direction was west/north-west and therefore it
is not surprising that the highest mixing ratios were observed for those wind
directions. Contrary to the results from Mace Head, the correlation with
wind speed shows the highest BrO mixing ratios for high wind speeds. This
is in agreement with the findings of Saiz-Lopez et al. [2004b], who found an
increase in the BrO signal correlated with an increase in wind speed. The
discrepancy to the results of Mace Head is currently unexplained.
6.2.3 Comparison with Particle Measurements
From August 17 until September 14, measurements of nano-particles were
performed at the MRI using a nano-smps instrument [Vana et al. 2008].
Between August 17 and August 8, particle burst events were observed on 14
days mostly correlated to low tide and elevated IO signals (T. Neary, NUIG,
pers.comm.). Figure 6.31 shows an example for the coincidence of particle
formation and a peak in the IO mixing ratios measured on the long light
path. One day of measurements on August 30 is shown. This is the day of
spring tide so low tide was at noon, where the IO peak and the particle burst
were observed. Note that the DOAS data were shifted by 15 minutes to allow
time for particle formation. Figure 6.32 show the correlation between particle
number for particles smaller than 7 nm and IO column density measured on
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Figure 6.29: Time series of BrO at the Martin Ryan Institute. BrO data





























 BrO Mixing Ratio [ppt]









BrO Mixing Ratio [ppt]
Wind Speed [m/s]
Figure 6.30: Left: Correlation Plot BrO with Wind Direction at the Martin
Ryan Institute. Right: Correlation Plot BrO with Wind Speed. BrO data adapted
from Buxmann [2008]. Time interval: 1 hour, only BrO data above the average
detection limit are shown.)
the long light path. Again, the IO data were shifted by 15 minutes to allow
time for particle formation. A correlation coefficient of 0.7 was found. Sellegri
et al. [2005] did a chamber study on the dependence of particle number for
nano-particles between 3-3.4 nm on I2 concentration and also found a linear
dependence.
Comparison to Model Results
Vuollekoski et al. [2009] developed an aerosol dynamical box model for the
simulation of coastal new particle formation. They used data from Mace
Head as reference data to derive coefficients for kinetic nucleation, activation
of clusters by OIO and sulphuric acid-induced activation of clusters contain-
ing OIO. In an attempt to get a better understanding of the particle bursts
at the MRI, while no OIO was observed , we used the model to reproduce
the particle burst observed on August 30. The geographical and meteoro-
logical parameters in the model were modified to fit the conditions at the
MRI and the same background aerosol as in the paper was used as no back-
ground aerosol data were available at the MRI. Then the OIO concentration
was varied until an agreeable result with the observed burst was obtained.
An OIO mixing ratio of about 100 ppt was needed to produce the observed
burst. The modelled burst is shown in Figure 6.33. The necessary OIO mix-
ing ratio of 100 ppt is in the range of our detection limit for OIO on the
short light path. Even though the model includes a lot of simplifications
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Figure 6.31: Correlation of Particle Formation and IO column densities. In
the upper panel a particle burst observed on August 30th is shown. The color
indicated the particle concentration. The lower panel shows the IO column densities
measured on the long light path. A clear correlation between an increase in the IO
concentration and particle formation is found. Note that DOAS data were shifted
by 15 minutes to allow time for particle formation. Particle Data from T. Neary,
NUIG, pers.comm..
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Figure 6.32: Correlation plot of particle concentration for particles smaller than
7 nm and IO column densities. Note that the IO column densities were shifted by
15 minutes to allow time for particle formation. Particle data and plots provided
by T. Neary, University of Galway, pers.comm..
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Figure 6.33: Modelled particle burst for August 30. Data provided by H.
Vuollekoski, University of Helsinki, pers. communication.
(see [Vuollekoski et al. 2009]), the value can be taken as rough estimate and
indicates that the detection limit of the instrument was maybe just to high
to detect OIO even though particle bursts were observed.
6.3 Comparison of Mace Head and Martin
Ryan Institute Results
In this section, shortly a comparison of the reactive halogen species IO and
BrO, which were observed at both measurement sites is presented.
Figure 6.34 shows the correlation plot for BrO measured at both measure-
ment sites. No correlation can be found. This is another unexplained finding
in the BrO results. If the BrO signal was an open ocean signal, one would
expect the BrO distribution to be rather homogenous. However, we find very
different results for the two sites, indicating that the BrO mixing ratios are
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Figure 6.34: Correlation for BrO measurements at Mace Head and the Martin
Ryan Institute. No correlation can be found. (Only BrO data above the average
detection limit are shown.)
somehow either of local origin or at least locally influenced. For a detailed
discussion the reader is referred to the thesis of Buxmann [2008].
The correlation plot of IO measured at both sites in shown in Figure 6.35.
The observed correlation is not due to a homogenous mixing of IO in the
whole area, but because the IO signal depends on low tide and solar radiation
for both sites, leading to a correlation. The IO mixing ratios at the MRI are
generally higher, which is caused by the fact that the fraction of intertidal
area in the light path at the MRI is higher.
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Figure 6.35: Correlation for IO measurements at Mace Head and the Martin
Ryan Institute. (Only IO data above the average detection limit are shown.)
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6.4 Mace Head 2006
Active DOAS measurements of RHS were not possible during the campaign
in 2006 due to problems with the camera of the spectrometer. Comparing
the derived detection limits to the results of the campaign in 2007, this is
not surprising. The detection limits for both cameras were in the range of
the highest detected mixing ratios during the 2007 campaign (see Table 4.1
in Chapter 4).
IO could be detected at Mace Head in 2006 with the passive DOAS instru-
ment. The observed dSCDs are about a factor 2 lower than the observed
dSCDs at the MRI in 2007 [Stein 2006]. The results of LP-DOAS measure-
ment on the short light path at the MRI in 2007 yield maximum IO mixing
ratios of about 30 ppt on August 30. The same day the LIF instrument mea-
sured about 20 ppt in the intertidal area in front of Mace Head, indicating
that the IO concentrations are generally higher at the MRI. However, since
the passive DOAS measurements by [Stein 2006] were carried out the year
before, it is hard to compare the results to those measured in 2007.
Onboard the Celtic Explorer no RHS could be detected with the Mini-MAX-
DOAS instruments. An increase in the derived mixing ratios correlating
with a particle burst was observed, but the IO dSCDs remained below the
detection limit, so no further conclusions could be derived [Martin 2007].
Chapter 7
Conclusions and Outlook
In this work, extensive measurements of reactive halogen species at the Irish
West Coast were conducted. The active long path differential optical ab-
sorption spectroscopy (DOAS) method and passive multi-axes DOAS mea-
surements were used to investigate appearance and distribution of reactive
halogen species in the mid-latitudes marine boundary layer. Three field cam-
paigns were conducted in the framework of the Marine Aerosol Production
(MAP) project: The first in 2006 at Mace Head and in the Northern Atlantic
and two campaigns in 2007 at Mace Head and the Martin Ryan Institute,
which is located 6 km south-east of Mace Head.
During the measurements onboard the research vessel Celtic Explorer in sum-
mer 2006, no reactive halogen species could be detected. For BrO and IO
detection limits could be derived of 1.2 and 1.1 ppt, respectively.
While no reactive halogen species could be identified with the long path
DOAS instrument during the Mace Head campaign in 2006 due to problems
with the camera of the spectrometer, the detection of IO using passive multi-
axes DOAS was successful. At Mace Head and in the surrounding area, IO
mixing ratios of up to 5 ppt were measured, while OIO remained below the
detection limit of 9 ppt.
The two field studies in 2007 were carried out simultaneously. At Mace Head
a comparison campaign with different instruments was conducted, while the
goal of the campaign at the Martin Ryan Institute was to study the connec-
tion between the observation of reactive halogen species and particle forma-
tion.
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At Mace Head the reactive halogen species I2, IO, and BrO could be detected
using a long path DOAS instrument, while OIO remained below the average
detection limit of 3.5 ppt.
I2 mixing ratios of up to 94 ppt were observed at low tide during the night.
Since I2 was only detected during spring tide, macroalgae inhabiting the
lowest part of the intertidal zone are likely to be the source. Contrary to
previous measurements at Mace Head, I2 was not observed during the day
or times of high tide. The DOAS data were in good agreement with in-situ
measurements using a denuder technique and broad band cavity enhanced
absorption spectroscopy. The in-situ techniques generally measured higher
mixing ratios, which indicates an inhomogenous distribution of I2 along the
DOAS light path, in so called ’hot-spots’.
IO mixing ratios up to 4.4 ppt were measured coinciding with low tide and
solar radiation. The highest mixing ratios were observed during spring tide,
supporting the theory of strong emitters located in the lowest part of the
intertidal area. The trends in time correlate strikingly well with the IO ob-
servation of a laser induced fluorescence instrument. The maximum mixing
ratios measured with this in-situ technique, exceed the maximum DOAS mix-
ing ratios by a factor of 5. This is consistent with the I2 DOAS observations,
which indicated an inhomogenous distribution of the sources. Contrary to
previous measurements, no IO was observed during the night.
Up to 6 ppt of BrO were measured at Mace Head. Surprisingly high mixing
ratios were detected during the night, which is so far unexplained. A correla-
tion with wind speed, as observed during a previous campaign, was not found.
During the campaign at the Martin Ryan Institute in 2007 the reactive halo-
gen species IO and BrO could be detected with the long path DOAS instru-
ment. OIO and I2 remained below the detection limit of 13 ppt and 51 ppt,
respectively.
Peaks in the IO concentration were observed almost every day of the 5 weeks
campaign correlating with low tide and solar radiation. No IO was observed
during the night and the maximum mixing ratio detected was 9 ppt. During
5 days of this campaign IO could be measured on a second much shorter light
path. This light path was set up almost parallel to the first light path, cross-
ing only intertidal area in attempt to verify the ’hot-spot-theory’. Although
the light path was significantly shorter than the first one (500 m, one-way
compared to 2000 m, one-way), during alternating measurements almost the
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same column densities were observed along both light paths, indicating that
most of the measured IO signal originated in the intertidal area. The maxi-
mum observed mixing ratio of 32 ppt measured along the short light path is
in good agreement with the in-situ measurements at Mace Head and mod-
elling studies. The latter state that 50 to 100 ppt of IO are needed to explain
the particle bursts as they were observed during the measurements.
BrO was measured during 4 days of the campaign and also at night. Contrary
to the measurements at Mace Head, the highest mixing ratios were observed
for high wind speeds, which was observed during an earlier campaign carried
out at Mace Head.
At the MRI IO was also detected using a multi-axes DOAS instrument. The
trends in time correlate well with the findings of the active DOAS instrument.
Most of the days a clear separation between different elevation angles was
observed, indicating a vertical gradient. Maximum differential slant column
densities of 1.2 1014 molec/cm2 were observed.
Comparing the IO mixing ratios to the number of nano-particles a linear de-
pendence was found in agreement with earlier chamber studies. The observed
bursts were modelled in order to determine the necessary OIO mixing ratio.
According to the model about 100 ppt of OIO are needed to produce the
observed particle bursts. Since the detection limit for OIO along the short
light path was about 80 ppt, there is no discrepancy between the DOAS ob-
servations and the observed particle formation.
The results of IO and BrO measured at Mace Head were compared to the
MRI results. While a good correlation was found for IO, the BrO data do
not correlate, which is so far unexplained.
Since there still are some discrepancies between the active and the passive
IO data, model calculations, for example using the marine boundary layer
model MISTRA are suggested. Also radiative transfer calculations could be
used to derive a vertical profile of IO.
To further study the ’hot-spot-theory’ tomographic measurements using pas-
sive DOAS instruments are suggested. The detection of I2 and OIO in the
intertidal area could be possible with longer light paths exclusively crossing
intertidal area. Since this is hard to conduct, effort should be put in the de-
velopment of DOAS in-situ instruments, e.g. cavities or multi-reflection cells.
136 7. Conclusions and Outlook
Finally, for the determination of the global relevance of reactive iodine species,
the I2 emissions of different seaweed species has to be studied, which could
also be done using cavity enhanced absorption spectroscopy.
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